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Department of Energy
Washington, DG 20585

The issue of climate change and the debates surrounding the Framework Convention on Chimate Change
(FCCC) can be usefully addressed by a suite of stralegies collectively termed “Carbon Management ™
This notion goes bevond the focus on carbon emissions that has charactenized most post-FCCC
discussions. A successful long-term strategy of carbon management must be built on a sold foundation
of basic science and clean affordable energy technologies

Early in 1997 | intiated activities that led to the ereation of this document. [ was motivated by two
coatIdErainons:

. 1o understand carbon management strategies in terms of the basic rescarch needed 1o develop
them—that 15, research that might be supported by the Office of Energy Research, and

. to catalogue the arcas i wihich further technologrcal advances depend wpon prompt
improvements in the underlying scence.

I asked four senior DOE laboratory scientists to focos on topic areas that ncheded a broad range of
rescarch possibilities: carbon sequesiration, hydrogen and fuel cells, biomass use for encrgy, and
enhancement of the natural carbon cycle These scienfists organized workshops to identify targets of
mvestment opporiunities for the OfMice of Energy Research. In order to gain a broad range of input from
the community, the workshops meluded people from mdustry, academia, the federal laboratory system,
and DOE. The workshops, held in July 1997, gencrated a large amount of data. The July workshops also
reveabed a need (o add & fifth arca of rescarch possibilities, improvements in encrgy cfficiency.

This report lays oul the results of the workshops and incorporates results from subsequent work that further
broadened the scope of basic rescarch needs. | asked our four senior DOE laboratory scientists to gather
information, not to set priorties or identify gaps in existing research. The resulis reported here idenlily
imporiam investmenl opportunities in basie rescarch that complement our existing programs.

fhenll

Martha A Krebs
Director
Office of Energy Research



Abstract

The need for carbon management strategies to mitigate climate change prompted the U.S.

Department of Energy to assess the fundamental research needs for a carbon
management program. Five topics were identified as areas where carbon management
strategies and technologies might be developed: (1) decarbonization strategies, and
carbon dioxide capture, transport, sequestration, and utilization; (2) hydrogen
development and fuel cells; (3) enhancement of the natural carbon cycle; (4) biomass
production and utilization; and (5) improvement of the efficiency of energy production,
conversion, and utilization. Within each area, topic experts outlined promising strategies
and identified fundamental research needs for each strategy. Basic research to support
the technical possibilities would be far-reaching scientific studies from measurements of
natural global processes such as biologically-mediated gas exchange between the
atmosphere and the oceans to observations of gene expression in plants. Many kinds of
catalysts and membranes are needed, as well as improvements in our fundamental
understandings of biological, physical, and chemical processes.



Executive Summary

The Department of Energy assessed fundamental research needs to support a national
program in carbon management. The term carbon management covers five topic areas:
(1) capture of carbon dioxide, decarbonization strategies, and carbon dioxide disposal
and utilization; (2) hydrogen development and fuel cells; (3) enhancement of the natural
carbon cycle; (4) biomass production and utilization; and (5) improvement of the
efficiency of energy production, conversion, and utilization. The report is based on
information from the workshops and other background material. The full reports are
included as appendices.

Experts in the first four areas came together to identify targets of opportunity for
fundamental research likely to lead to the development of mid- to long-term solutions for
stabilizing or decreasing carbon dioxide and other greenhouse gases in the atmosphere.
Basic research to support the technical possibilities would be far-reaching scientific
studies from measurements of natural global processes such as ocean gas exchange
rates to observations of gene expression in plants. Many kinds of catalysts and
membranes are needed.

Decarbonization Strategies, and Carbon Dioxide Capture, Transport,
Sequestration, and Use. Technical possibilities include converting a carbonaceous fuel
into carbon dioxide or carbon to be sequestered and a low-carbon, hydrogen-rich fuel;
capturing carbon dioxide from flue gases; transporting to and disposing of carbon dioxide
in oceans, terrestrial deep saline formations, depleted oil and gas wells, and on land; and
using carbon dioxide in various chemical and biological processes.

Research needs include better gas separation; catalysts and biological processes for the
decarbonization process; plasmas for thermal decomposition of carbonaceous fuels;
solvents, membranes, molecular sieves, and catalysts for capture of carbon dioxide from
flue gases; better corrosion-resistant materials for solvent environments; more efficient
cryogenic distillation; environmental impacts of carbon dioxide sequestration in oceans,
and oil and gas wells; the process and duration of carbon dioxide sequestration;
catalysts for producing distillates and chemicals from carbon dioxide and for “artificial
photosynthesis”; binding of fine particulates; and biological processes and engineered
microbes to produce useful byproducts of carbon dioxide.

Hydrogen Development and Fuel Cells. Technical possibilities include rapid advances
in fuel cell technology that will revolutionize electric power generation, personal
transportation, and heat and power production for buildings. The major fuel cell types are
proton exchange membrane (PEM), molten carbonate fuel cells (MCFCs), solid oxide fuel
cells (SOFCs), and alkaline fuel cells (AFCs). Hydrogen can be produced by steam
reforming of gas, biological organisms using sunlight, bacteria as catalysts to clean raw
fuel gases, high-temperature thermochemical processes, and electrochemical

processes.

Research needs include expanding efforts in catalytic, materials, and membrane science
and in biological, thermochemical, and electrochemical hydrogen production research.
New and better catalysts are needed to enable charge transfer from hydrogen at low
temperatures, to facilitate conversion of hydrocarbons to hydrogen, to improve the
electrolysis of water to hydrogen and oxygen, to replace platinum and palladium for
severe sulfur and oxidizing environments, and to promote reactions forming hydrogen.



Membranes are needed to separate low-concentration hydrogen, form hydrogen and
oxygen from water or impure fluids, transport protons, separate hydrogen and purify
gases, conduct electrical current by protons or equivalent ions, operate at temperatures
of 1000 degrees Centigrade, and conduct electrical current simultaneously by both ions
and electrons. Combined processes are also needed.

Enhancing the Natural Carbon Cycle. Technical possibilities include capturing and
storing carbon (1) in the terrestrial biosphere by increasing photosynthesis; increasing
carbon capture and storage in agricultural lands, degraded lands, forests, and wetlands;
and using algal biomass in anaerobic treatment of waste; and (2) in oceans by

increasing air-sea transfer of carbon dioxide, enlarging the oceanic food web, increasing
organic carbon sedimentation rates, increasing the efficiency of particulate carbon export
from surface waters, and decreasing remineralization efficiency.

Research needs include increasing our fundamental understanding of carbon cycling in
soils and mechanisms to enhance carbon storage in soils and oceans, and
understanding the influence of climate change and anthropogenic emissions on the
natural carbon cycle in the terrestrial biosphere and oceans.

Biomass Production and Utilization. Technical possibilities include developing highly
productive plants that can be efficiently used to make energy with little or no net release
of carbon dioxide to the atmosphere. Biomass can be used to produce electricity and
transportation fuels. Additional benefits could be the use of biomass to produce
chemicals and materials that could replace many now produced from oil and gas.

Research needs include deepening our understanding of basic plant processes such as
photosynthetic efficiency, biotic and abiotic factors affecting metabolic rates and plant
productivity responses, nitrogen cycling and nutrient use efficiency, cell wall assembly;
genetic knowledge that will help us engineer biomass genotypes; plant assembly
fundamentals to produce high-quality wood products; soil productivity; water availability;
soil carbon storage; disassembly and conversion by biological, chemical, and
thermochemical means; and feedstock characterization. Also needed is crosscutting
research in molecular biology, biochemistry, biomimetics, bioengineering, structural
biology, and environmental and social issues.

Improved Efficiency of Energy Conversion and Utilization. Technical possibilities
include (1) producing new catalysts to reduce NO, emissions, produce chemicals by “C-
H activation,” improve industrial processes, and produce hydrogen from water; (2)
making the combustion process more efficient; (3) improving structural materials through
greater manufacturing efficiency, use of lighter materials, increased lifetimes, and
increased use of recycled feedstocks; (4) using high-temperature materials, such as
ceramics, to increase combustion efficiency; (5) improving electrochemical systems such
as rechargeable batteries, fuel cells, and capacitors; (6) improving optical, thin film, and
semiconductor materials; and (7) developing sensors for harsh environments and novel
applications.

Research areas include new and improved catalysts; combustion efficiency;
improvements in structural materials, high-temperature materials, and optical, thin film and
semiconductor materials; increased understanding of electrochemical processes;
improved sensors and controls; and advanced computation and visualization.



Several themes cut across all areas of investigation. The first is the value of basic
research and the appropriateness of government sponsorship of basic research and
development. Second is the competitive advantage that will accrue to countries that
develop carbon management technologies for a global market. The third theme stresses
the need to fully understand all the environmental and other impacts of each carbon
management strategy.

The potential benefits to a U.S. carbon management program are great; they include
climate mitigation and competitive advantages in global markets. However, such a
program must have a strong basic research component. Improvements in our
fundamental understandings of biological, physical, and chemical processes can lead to
technologies that will help to transform energy production in a way that will significantly
reduce emissions of greenhouse gases.



INTRODUCTION

Climate change and policies to address it may be the most influential consideration in energy use
in the United States early in the next century. The near-term policy options being discussed as
this report is written, such as returning to and stabilizing at the 1990 greenhouse gas emission
level by the year 2010, still lead to significantly increasing atmospheric concentrations of
greenhouse gases, with potential climate and social changes and economic losses. This is
clearly a long-term problem. Long-term problems such as these are appropriate areas for basic,
directed research programs to provide foundations for different energy futures.

Until recently, carbon dioxide was considered a benign byproduct of combustion. Scientists now
understand that emitting carbon dioxide to the atmosphere contributes to climate change. This
has caused a reexamination of the technologies used to produce carbon dioxide and other
greenhouse gases. Great potential benefits accrue to a new research program to investigate
what new technologies and other activities can be undertaken to ameliorate the growing
greenhouse gas concentrations in the atmosphere.

This report is an assessment of fundamental research needs to support a national program in
carbon management, sponsored by The Department of Energy’s Office of Energy Research. This
program would support and supplement other programs within the Department of Energy, which,
taken together, would form the Department’s contribution to a National Technology Strategy for
addressing climate change. Basic research undertaken under this program will develop the
scientific foundations for new technologies to moderate the atmospheric concentration of
greenhouse gases. The research will also help increase understanding of the long-term impacts
of intensive deployment of these technologies.

A diagram of the research areas that would impact carbon management is displayed in Figure 1.
The research areas examined in this assessment are shaded. These areas are divided into five
topics that build on existing programs, expertise, and research facilities:

Decarbonization strategies, and carbon dioxide capture, transport, sequestration, and use
Hydrogen development and fuel cells

Enhancing the natural carbon cycle to capture and sequester carbon

Biomass production and utilization

Improved efficiency of energy conversion and utilization.

Experts in each of these areas were brought together to identify targets of opportunity for
fundamental research that are likely to lead to the development of mid- to long-term solutions for
stabilizing or decreasing carbon dioxide and other greenhouse gases in the atmosphere.
Workshops were held on each of the five areas except efficiency. The sections of this report are
based on information presented in the workshops and other background material. The full reports
are included as appendices to this report. The appended reports contain fuller detail on each
topic area and citations where information was drawn from published work as well as the
interaction of experts.

Several themes crosscut the five sections in this report. One theme is the value of basic

research and the roles of the government and private sectors in sponsoring such research. Much
has been written on this topic (see, for example, Joint Institute for Energy and the Environment
1997, Arrow 1962, Caballero and Jaffe, 1993, Council of Economic Advisors 1995). The National



Carhon Management Research

and Developm ent

Non-Carbon Energy Sources

— Solar

— YWind

Muclear

= Hydro

L Geothermal

n Other

Hydrocarbons Biomass Sequestration
I |
| Study and enchance natural cycle
m Improve Efficiency N\
N
B Extract CO2 hefore buming  + \ Terrestial
- Extract CO2 from flue NN —
NN
= Produce Hydrogen ™ ~, \ | | Technologies to capture from the
. N atmosphere
L Fuel Cells ™ \\ L
AN CO2 disposal
Ocean disposal J~ Te!restnal
2 disposal




Academy of Sciences and others note that much of this nation’s economic growth, quality of life,
and security derive from previous investments in science and technology and our national ability
to lead in key aspects of science and technology. Basic research programs are appropriate
government activities, because individual firms are able to capture so little of the total benefit to
society that they under-invest in basic research. Furthermore, the benefits of research in the vast
majority of the programs outlined in the report will not accrue solely to the intended application.
Positive externalities, the benefits to others, will be an important outgrowth of this research. For
instance, research on catalysts and membranes, as suggested in the section on hydrogen, will
certainly benefit other manufacturing processes that do not produce greenhouse gases.

Another crosscutting theme is international competition and cooperation in research and
technology development. If their promise is realized, a truly global market for carbon
management technologies will emerge. Perhaps more importantly, widespread use of these
technologies could significantly (for better or for worse) alter the global environment. The United
States needs to improve its participation in the research involved in carbon management so that,
at a minimum, it would have its own independent capability to assess the viability, efficacy, and
safety of any non-US actions, such as sequestering CO, in the ocean. The United States will
need to selectively cooperate and compete with other nations in developing these technologies,
because we do not currently hold the leadership position in many key aspects of carbon
management. For example, the Japanese budget in CO, capture and disposal appears to be 35
to 70 times as large as that of the United States. Moreover, various other nations (including
Japan and some European nations) are leading the United States in the development of certain
technologies and the understanding of certain phenomenon that are fundamental to
implementing CO, capture and disposal methods.

The third crosscutting theme is the need to fully understand the nature and magnitude of local,
regional, and global impacts associated with carbon management. Potential impacts and their
significance must be addressed while the research agenda is being formulated. For example,
ecological and biodiversity studies should be performed in concert with experiments designed
primarily to evaluate the effectiveness of a carbon management strategy. Educating the public
and assessing ecological, ethical, and economic considerations should be essential and central
components of a carbon management research agenda.

DECARBONIZATION STRATEGIES, AND CARBON DIOXIDE CAPTURE, TRANSPORT,
SEQUESTRATION, AND USE

Scientific experts are optimistic that CO, capture and sequestration could be implemented on a
scale that would mitigate climate change and that a sustained basic science effort today would
result in effective technologies. If successfully developed, these CO, capture and sequestration
technologies could allow the continued use of fossil fuels in the presence of carbon emission
constraints. Another reason for optimism is the enormous sequestration potential for CO,. For
example, the International Energy Agency’s Greenhouse Gas R&D Programme gives the
following as conservative low end estimates of global CO, sequestration potential. These figures
should be compared to current total fossil fuel CO, emissions of approximately 6 GTC? per year.

3GTC refers to gigatonnes or 10° metric tons of carbon



Sequestration Option Potential Global CO,
Sequestration Capacity (GT C)

Oceans >1400
Deep Saline Formations® >87
Depleted Gas Fields >140
Depleted Oil Fields >40

Deep Coal Seams unknown®

Can basic science make a difference in CO, capture and sequestration? The costs of large-scale
carbon capture and sequestration, using the current state-of-the-art technologies, appear
substantial. The environmental consequences of large scale CO, sequestration in many of these
pathways also remains largely unknown, making widescale implementation of those technologies
unwise until some of this uncertainty has been resolved. In this context, key areas for basic
research include decarbonizing fossil fuels, CO, capture from flue gases, CO, transport and
sequestration options, and CO, utilization options.

Decarbonizing Carbonaceous Fuels

The goal of decarbonizing a carbonaceous feedstock is to convert the feedstock into two
products before combustion. One product would be a mostly pure stream of CO, or C to be
sequestered. The second conversion product would be a low-carbon, hydrogen-rich fuel. There
are two principal modes for decarbonizing carbonaceous feedstocks. One is the gasification by
partial oxidation or indirect heating of the carbonaceous feedstock followed by water-gas shift
and separation of the CO, and H, streams. The second, less well-known method is the thermal
decomposition of the carbonaceous fuel (most likely methane) to produce elemental carbon and
H,. The thermal decomposition process would eliminate the need to sequester CO, since the
“‘waste product” from this process is elemental carbon—not gaseous CO..

Many of the processes needed to decarbonize a carbonaceous fuel would apply regardless of
whether the feedstock were oil, natural gas, coal, or biomass. Using fossil fuels in combination
with a renewable biomass feedstock and applying carbon sequestration would result in a net
reduction of CO, in the atmosphere.

These and other decarbonization processes look promising, but many basic science questions
remain:

®In the literature, these are referred to as “aquifers,” “saline aquifers,” or “reservoirs.” These terms are
misleading in that these formations are not repositories of drinking water. For clarity, this report uses
the terms “deep saline formations” or “deep saline geological formations.”

“Unpublished estimates from the IEA Greenhouse Gas Programme indicate that the potential for
sequestration is commensurate with other land sequestration pathways.



Can we achieve a major breakthrough in the cost and efficiency of gas separation
technologies needed for a wide variety of carbonaceous fuel decarbonization processes?

How can we develop a wide range of catalysts, including highly selective enzymatic
catalysts and catalysts that are optimized for very short residence times, high throughput,
and continuous processes? How can we build partial enzymes and lay them on an
engineered substrate? Can we design better, purpose-built catalysts for the thermal
decomposition of methane process?

Can we attain atomic-level understanding and predictive capabilities for designing
materials for the high-temperature environments needed for carbonaceous fuels thermal
decomposition reactors?

What are biological processes for decarbonizing carbonaceous feedstocks? Can
methane-producing bacteria (methanogens) and recently discovered “extremophile”
organisms be engineered to ingest a feedstock like CH,, sequester the CO,, and give off
H,?

CO, Capture from Flue Gases

The extraction of CO, from flue gases is technically feasible with existing technology, but its
application increases the cost of busbar electricity by as much as 50 percent or more above
current levels. This is because large amounts of capital and energy are needed for the CO,
removal systems. Therefore, a major research priority for this aspect of CO, capture and
sequestration is to examine different system configurations that would jointly optimize power
generation and CO, recovery.

The basic science issues for CO, capture from flue gases are very similar to those listed in the
decarbonization section above. However, for capture from flue gases, the concentrations of CO,
would be significantly lower and therefore some of the scientific challenges could be more
daunting. Science needs and opportunities for CO, capture from flue gases include:

Can purpose-built chemical solvents be developed to react less (or not at all) with SO,
No, and other impurities? Can unacceptable solvent losses be reduced or methods
developed to remove SO,, NO, and other impurities upstream?

Can purpose-built selective membranes remove CO, from flue gases ? Membranes are
used commercially, for example in hydrogen separation, but can they be developed to be
used on a significant scale for the capture of CO,?

Can we gain a better atomic and molecular level understanding of and predictive
capability for designing purpose-built catalysts? Can we apply this knowledge to the
removal of CO, from flue gases?

Are there inherently less energy intensive processes for fixing CO,? Can biological
organisms (including enzymes) be used to fix the carbon?

How can the energy intensity of producing O, be reduced for use in oxygen-blown (as



opposed to air-blown) gasification/combustion processes? Are there research
opportunities to create highly efficient processes for the cryogenic distillation of oxygen, or
for creating highly efficient ionic membranes for separating O, from air, or are there other
processes for economically producing large quantities of O,?

Can cryogenic distillation of CO, for flue gas streams that have very high CO,
concentrations become more efficient and less energy intensive?

Can developments in corrosion science (surface physics and chemistry of oxide layers)
result in better corrosion-resistant materials for high concentration solvent environments
to extract CO, from flue gases?

Can the selectivity and throughput of molecular sieves be significantly improved? Would
molecular sieves be an effective adsorption technology for CO, capture from fossil fuel
power generation?

CO, Transport and Sequestration

The distance that the CO, must be transported from its point of generation to the point of ultimate
sequestration is an important cost element of the total system. Therefore, reducing that distance
(for example, sequestering the CO, in a nearby deep saline formation) or the associated
transport costs (for example, perhaps transporting CO, as a clathrate hydrate slurry as opposed
to transport as a super critical fluid would be less expensive) would improve the economic
prospects for all of the CO, extraction/sequestration system options.

Sequestration options are connected to transportation issues. The storage repository must be
permanent (or at least very long-lived). A number of major pathways for the sequestration of CO,
have been identified: in oceans, in terrestrial and subsea deep saline formations, in depleted oil
and gas fields, in unminable coal seams, and as a solid on land.

Perhaps the largest uncertainties in the whole area of CO, capture and sequestration concern
the ecological impacts of disposing of CO, in various media. The current state of knowledge
about the diffusivity of CO, at various depths in the ocean is very primitive. More experiments
and improved models are needed in this area. Basic theoretical and laboratory research needs to
be conducted also on the fluid, thermal, and geologic properties of deep saline formations to
improve our limited knowledge of these bodies and the rudimentary models of deep saline
formation behavior. Presently we are unable to make many useful generalizations about deep
saline formations as CO, repositories; each deep saline formation would have to be treated on a
case-by-case basis. Furthermore, we need to be able to evaluate the kinetics of mineralization
reactions. Priority scientific questions include:

Can better modeling increase our understanding of deep-sea currents and their impact on
proposed CO, sequestration methods? How can ocean global circulation models be
adapted so that they can start to model the long-term fate of CO, injected into the ocean?
What are the best sites, the overall effectiveness, and far-field environmental impacts of
CO, injection? What can tracer studies reveal about environment effects?

How can we improve understanding of the equilibrium mechanics of carbonates,
particularly in the area of ocean chemistry of carbonates and the buffering ability of the



ocean?
What is the ultimate fate of CO, hydrates in the oceans?
What are the near- and far-field biological impacts of CO, sequestration in oceans?

Can we substantially improve the modeling techniques and criteria used to determine the
ability of abandoned oil and gas fields to sequester CO, for long periods?

What can models reveal about pore-scale and injection well-scale flow, transport, and
reaction? At the micro scale, what are the relevant issues in multiphase fluid movement,
phase transition, density and viscosity effects, and geochemical reactions? At the
injection-well scale, what are the effects of hydraulic issues such as lateral and vertical
migration, well integrity, caprock integrity, permeability, pressure buildup, sweep
efficiency, density and viscosity effects, and storage capacity?

How are complex carbonates formed in deep saline formations? How does CO, injected
into deep saline formations react with minerals found there? Are complex carbonates
produced and, if so, does the process occur at geologic timescales or are these reactions
much more rapid in the presence of concentrated CO, (e.g., a stream of liquid CO,)?

How do the natural processes work? How do these processes cause permanent CO,
sinks? How can this knowledge help us to judge the efficacy of many of the proposed
CO, sequestration pathways?

CO, Utilization Options

A high-purity stream of CO, from decarbonizing fossil fuels might have economic value and
therefore some researchers are exploring was to make use of this raw material. Utilization of the
stream would provide a secondary benefit by reducing the amount of CO, that needs to be
sequestered and therefore reducing the environmental impacts in the immediate vicinity of the
CO, sequestration site. Furthermore, many proponents of CO, utilization hope that the income
generated by selling the product would offset some of the costs of capturing and transporting
CO,, thereby driving down the overall system costs and making CO, capture and sequestration
systems more economically viable.

Many CO, utilization proposals are very energy intensive themselves. Therefore, these utilization
schemes will only be useful as CO, mitigation options if the entire process, including the energy
input for the utilization process, reduces the net release of CO, into the atmosphere. For this
reason, some studies have concluded that the inherently lower energy intensities of proposed
biological processes for CO, utilization might be the best long-term prospect.

By nearly all accounts, the amount of CO, that could be utilized is a small fraction of the world’s
annual emissions of freely vented CO,. Therefore, absent a radical breakthrough, CO, utilization
will play a valuable but limited role in overall efforts to manage CO, on a global scale.

CO, utilization proposals have been put forward in four major areas: (1) for enhanced oil, gas
and coalbed methane recovery, (2) to accelerate the growth of crops for food and for biofuels in
hothouses, (3) as a feedstock for chemical products, and (4) as a building block for cleaner



transportation fuels. With respect to this last option, even though CO, would still be emitted to the
atmosphere if these synthetic transportation fuels were combusted, the reuse of CO, in this
manner would be one way to significantly reduce overall emissions from the transportation
sector.

Science needs and opportunities for CO, utilization include:

What catalysts can be used for the production of synthetic middle distillates from CO,? In
particular, can metal oxides be used to reduce CO,? What catalysts can be used for the
carboxylation of CO, to produce organic chemicals that will eventually replace the use of
phosgene in reactions for producing organic chemicals with CO,?

How can catalysts for “artificial photosynthesis” be improved? Can we build molecular
photonic devices that can that mimic biological photosynthetic phenomena for the fixation
and utilization of power plant-derived CO,, e.g, photocatalytic reduction of carbon dioxide
with water to produce methane?

How can binding and agglomerating be accomplished for the fine particulates of carbon
black that would be produced as a byproduct of the thermal decomposition process?
Would there be uses for this fine particulate carbon, such as in structural building
materials?

Are there biological processes and engineered microbes that could fix power plant-
derived CO, and directly produce a useful byproduct (e.g., recent Japanese reports of an
engineered blue-green algae that can fix CO, from air and produce a biodegradable
plastic)?

HYDROGEN DEVELOPMENT AND FUEL CELLS

Fuel cells produce power with substantially greater efficiency and lower emissions than
conventional sources. As such, they are powerful tools for managing carbon. Rapid advances in
fuel cell technology may revolutionize electric power generation, personal transportation, and
heat and power production for buildings. Competitively priced electricity from fuel cell plants
operating at nearly twice the efficiency of present-day coal technologies will begin entering the
market within 3 or 4 years. Fuel cell vehicles, offering performance, cost, and safety equivalent to
today’s internal combustion engine vehicles, but with dramatically reduced pollution and noise,
could be available in a decade. As an example, a hybrid cycle solid oxide fuel cell plant operating
on natural gas would emit one-third the carbon dioxide of a comparable, advanced coal-fired
plant. Similar reductions are envisioned for hydrogen-powered (derived from natural gas) fuel cell
vehicles compared to advanced internal combustion engines.

The primary fuel of fuel cells is hydrogen, which is currently expensive to produce and deliver.
Fossil fuels, including natural gas and coal, can provide hydrogen fuel at acceptable costs,
possibly including carbon capture and sequestration. Hydrogen produced from biomass
gasification or other sources may offer a net reduction in atmospheric carbon concentrations if
the separated CO, is sequestered.

Technical and economic barriers impede the market entry of hydrogen and fuel cell technologies.



These impediments involve processes of separations and electrochemical reactions, and the
need for improved membranes, materials and catalysts.

The greatest opportunities for significant scientific contributions to carbon management in the
area of fuel cells and hydrogen fuel production include (1) expanding research into biological,
thermochemical, and electrochemical methods of producing hydrogen, and (2) expanding the
current research and development efforts in catalytic, materials, and membrane science. These
technologies crosscut a number of separate problems in bringing fuel cells and hydrogen to the
market, as well as a host of other spin-off technologies in different industrial sectors.

Fuel Cell Technology

At the heart of all fuel cells is an electrolyte sandwiched between two electrodes to separate fuel
and oxidants. Several variations of fuel cells have been developed, differing by electrolyte and
electrode types, as well as by configuration (Table 1). Level of development also distinguishes
types of fuel cells. For example, phosphoric acid fuel cells have been commercialized, while the
direct methanol and solid oxide fuel cells remain in the very early stages of development.

Proton exchange membrane (PEM) fuel cells use an electrolyte containing a layer of solid
polymer that allows protons to be transmitted from one face to another. This technology has
made extremely rapid progress over the past five years. Power densities have increased fivefold,
and expensive platinum loadings in the electrolyte have declined by an order of magnitude.
Current designs have mainly transport application because the PEM has a relatively high power
density, the solid electrolyte offers safety advantages, and its low-temperature operation has
limited cogeneration applications. This does not imply, however, that fundamental research will
not improve the performance of PEM fuel cells in residential, commercial, and utility applications.
A potential major barrier to PEM acceptability, and thus its ability to influence carbon
management, lies in how PEM vehicles would be fueled. Current research focuses on the
problems of carbon monoxide catalyst poisoning, high temperature membranes, complex stack
subsystems, expensive fluorinated membranes, and unstable transient operation.

Molten carbonate fuel cells (MCFCs) are so named because the electrolyte they use is a molten
alkali carbonate mixture. Long-term research priorities to overcome existing barriers include
improving conductivity and stability of cathode materials, developing lower-cost materials and
processes, optimizing components to increase power densities, solving electrode-electrolyte
corrosion problems, and increasing cell lifetime beyond 5 years.

The solid oxide fuel cell (SOFC) represents a promising technology with development only
slightly behind molten carbonate fuel cells. SOFC systems currently operate in a high-efficiency,
high-temperature mode. Research priorities include fabrication and manufacturing costs, high
temperature seals and manifolding, material durability, and cascading. A major need is
development of a solid electrolyte, low-temperature SOFC (650-800°C). Developing the materials
and processes to produce these fuel cells will require, at a minimum, a better fundamental
understanding of interfacial processes.

Several other types of fuel cells are being developed. Phosphoric acid fuel cells (PAFCs) use an
aqueous electrolyte and are limited to operating temperatures of approximately 200° C. They are
available commercially at $3,000/kW, but capital costs are not expected to drop below
$1500/kW, even with mass production. This technology is not considered a promising area for



further basic research; however, PAFCs are included in Table 1 for comparison purposes.
Alkaline fuel cells (AFC) were developed for use on NASA space missions. They use alkaline
potassium hydroxide as the electrolyte. The Direct Methanol Fuel Cell (DMFC) is based on solid
polymer technology but uses methanol directly as fuel. Potential transportation applications exist,
but there are power density hydrogen storage and production problems. Currently, efficiencies
are too low and corrosion is common because methanol is miscible in water.

TABLE 1 - Comparative characteristics of the major fuel cell technologies

PAFC MCFC SOFC PEM

LHV Efficiency* a) 40% a) 45-55% a) 45% a) 40%

a) natural gas b) 50% b) 45-55% b) up to 75%** b) up to 65%

b) hydrogen

Size 0.2-2 MW 25-100 kW 0.25-2 MW 10-50 kW

Advantages Commercial Inexpensive High efficiency; High power
catalyst; small uses nonprecious | density; safe,
footprint. metals; solid state | solid
Potential radical | construction and electrolyte;
advances. stable electrolyte. | quick start-up;

High tolerance to | durable;

fuel
contaminants.

efficient; low-
cost potential if

Little NO« mass produced.
emitted.
. Low power density. | Lots of ancillary | Seals and Catalyst
Disadvantages Sensitive catalyst. equipment interconnection sensitive to
High cost. needed; problems. impurities.
electrode Expensive. Transient
problems; many Material emissions with
engineering embrittlement on-board

problems.

with repeated
on/off cycling.

reforming. Still
costly.

* Lower heating value; does not include cogeneration potential
** With anode feedback loop and condenser
PAFC = Phosphoric Acid Fuel Cell; MCFC = Molten Carbonate Fuel Cell; SOFC = Solid Oxide Fuel
Cell; PEM = Proton Exchange Membrane Fuel Cell
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Hydrogen Fuel Technologies

Reducing the cost of producing hydrogen is a critical objective in the long-term management of
carbon emissions with fuel cell technology. Currently, about 95 percent of hydrogen is produced
by steam reforming of natural gas (see Williams 1996). With this technology, steam is combined
with natural gas at high temperature to produce a mixture of CO and H,—so-called syngas. After
the reforming process, the product gases are cooled and reacted with steam again in a pair of
water-gas shift reactors that convert most of the CO in the syngas into H, and CO.,. Following the
shift reactors, the H, is separated from the other gases using a pressure swing adsorption unit.
This will most likely be the dominant technology to produce hydrogen when fuel cells are first
commercialized. Its cost and dependence on non-renewable fossil fuels may be reduced by
developing solar hydrogen systems.

High-temperature thermochemical processes, such as steam reforming of methane, produce
most of the hydrogen we use today. In other methods, synthesis gas that includes hydrogen is
produced by applying heat to fuels or feedstocks such as natural gas, coal, municipal solid
waste, biomass-wood, grasses, and agricultural wastes. The efficiency of hydrogen production
depends on the feedstock used, the availability of steam and oxygen, the temperature of the
reaction, and other factors.

A promising mid-term prospect for using solar energy in hydrogen production is to use high
temperature solar heat to drive endothermic reactions using carbonaceous feedstocks. Initially,
the solar heat would create steam to reform methane; later, other methods could emerge. A
number of basic science issues relating to high temperature solar/matter interactions, chemistry
and fluid mechanics remain to be addressed.

Several promising biological hydrogen production technologies have been identified. In these
systems, hydrogen is generally produced by certain biological organisms using sunlight. Other
processes may use bacteria as low-temperature catalysts to clean raw fuel gases into hydrogen-
rich, carbon monoxide-free gas for direct injection into fuel cells.

Biological processes hold great promise for inexpensive future hydrogen production, but face at
least two maijor sets of roadblocks. First, biological systems have low solar conversion
efficiencies. Currently, the amount of hydrogen energy produced as a percent of full, incident
sunlight energy is generally less than 0.1 percent. This efficiency can sometimes be as high as 5
percent, but only under low light intensities. The second barrier is oxygen intolerance on the part
of enzymes. These enzymes cannot survive in an environment containing oxygen. The goal of
the advanced biological processes is to produce hydrogen cheaper than from biomass via
thermochemical gasification.

Essentially two types of electrochemical systems produce hydrogen; one uses semiconductors
and another uses dissolved metal complexes.
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In the first type, a semiconductor surface is used to both absorb solar energy and to act as an
electrode for splitting water. This technology is still at an early stage of development, although
efficiencies have increased to 8 percent since the mid-1970s. Operating lifetimes of these
systems are limited because of the light-induced corrosion of semiconductor materials and other
chemical effects. Current research is focused on improving cell energy conversion efficiency and
lifetime, and reducing costs. Projects include identifying new semiconductor materials with high
conversion efficiency and stability, researching new ways to reduce corrosion, and incorporating
multiple layers and sensitized dyes to maximize solar absorption.

The second type of electrochemical system uses dissolved metal complexes as a catalyst. The
soluble metal complex absorbs energy and creates an electric charge separation, which drives
the water-splitting reaction. Researchers are focusing on identifying catalysts that can more
effectively dissociate water and produce hydrogen. This method is less advanced than the
semiconductor process, but offers prospects of avoiding corrosion.

Major research issues focus on semiconducting materials (bandgap and thermodynamics),
stability of the semiconductor/electrolyte interface, catalysts that protect the semiconductor
surface, interfacial energetics, and multi-junction systems. Hydrogen separation from the product
stream is also an issue.

The lack of convenient, efficient, and cost-effective methods of storing hydrogen is a major
obstacle to the large-scale use of hydrogen as a fuel and an energy carrier. The difficulties of
transporting hydrogen (pipeline embrittlement, sensors, metering, etc.) may be serious, but likely
are not primarily basic science issues because they are relatively well understood. Compression
and liquefaction are both potential methods of hydrogen storage, but only development of new
materials for highly compressed container applications would qualify as basic science. Solid state
storage methods include gas-on-solids and metal hydride storage. They are safer and more
effective than physical storage, but also more expensive and heavier. To date, research has
focused on determining the hydrogen adsorption/desorption properties of commercially available
carbons and zeolites. In order for these advanced materials to become a reality, a more
complete understanding of the fundamental mechanisms is needed. Specific research includes
establishing the capability to manufacture conventional solid-state hydrogen storage materials
and investigating new materials systems such as fullerenes (a form of carbon), zeolites,
dihydrides and non-classical polyhydrides, transition metal dichalcogenides, hydrogenated
amorphous alloys, metal hydride thin films, ceramics, and highly porous and nanostructured
materials.

Fundamental Research Needs for Fuel Cell and Hydrogen Technologies

Fundamental research needs for the development of fuel cells and hydrogen technologies stem
from the physical problems in both the utilization of hydrogen fuel in cells and from problems
associated with the production and storage of hydrogen. These issues tend to center around
chemical reactions and separations processes. Not surprisingly, the solutions to these problems
are thought to depend on the development of advanced catalysts and membranes, which
facilitate the reaction and separation of chemicals.

Catalysts are generally solids or liquids that when added to reaction sites in small amounts

increase the reaction rate (kinetics), lower reaction temperatures, influence reaction to
completion and change selectivity of reactions. The catalysts are not consumed in the reaction
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and generally occur at reaction sites on surfaces between liquid, gaseous, and solid interfaces.
Photoelectric catalysts on an electrolyte are activated by photons for the electrolysis of water to
produce hydrogen from water or other liquids. The following fundamental research questions
address catalyst development in hydrogen production and fuel cells:

Can better catalysts be found for PEM electrode interfaces to enable charge transfer
from hydrogen at low temperatures (below 90°C)?

How can a stable catalyst be developed to facilitate conversion of hydrocarbons to
hydrogen using the water shift reaction of methane at lower temperature and to high
percentage of H,?

Can we develop a high-temperature catalyst for the electrolysis of water to hydrogen and
oxygen using direct electric current in order to lower temperatures of the reaction and to
increase the rates of electrolysis?

What inorganic, high-temperature catalysts can be found (other than platinum and
palladium) that are stable in severe sulfur and oxidizing environments and lower in cost?

What enzymes act as catalysts in biological systems to promote reactions forming
hydrogen?

Membranes are thin solids that allow atoms, molecules, gases, or liquids to diffuse through the
thickness from one surface to another. They can be made from a wide variety of materials, with a
diversity of properties and uses to promote reactions and separations. The following fundamental
research questions address developments in the use of membranes:

How can we better understand the molecular structures and processes for the formation
of fluorocarbon compounds used as the electrolyte in low-temperature PEM fuel cells?
Can we use this understanding to reduce costs of production?

How can high-temperature membranes for separating low-concentration H, be
developed?

Can an electrolyzer—an electrochemical electrode/electrolyte/electrode membrane
sandwich or liquid cell—electrochemically form H, and O, from water or impure fluids?

Can a complex metal oxide transport protons at high temperatures?

Can we develop a fiber composite membrane for separating hydrogen and purifying
gases that contain H,?

Is it possible to improve development of low-cost proton electrolytes—materials that
conduct electrical current by protons or equivalent ions?

Can high temperature solid oxide electrolytes be developed to operate at temperatures of
1000°C?

Can mixed ionic-electronic membranes—conductors of electrical current simultaneously
by both ions and electrons—be developed?
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Combined processes define areas of understanding needed for catalysts and membranes at
interfaces or in combined functions. In electrochemical systems, reactions occur at the surface or
interfaces between the electrode-electrolytes. The mechanisms of the reactions are critical to
fuel cells, hydrogen production, and other related reactions of mixed electrolytes/fluid on oxides
and other conductors. Driven by an electric field, the electrochemical reaction mechanisms
change, providing ways to increase the efficiency of reactions. These reactions include the
charge transfer of molecules to ions. Researchers have identified the following needs:

Can a membrane be composed of a proton electrolyte and catalyst as the electrode or
electrode with a catalyst at the electrolyte surface or interface?

Can a membrane be developed consisting of a solid electrolyte (proton or oxygen ion) and
positive and negative electrodes with catalysts on either or both electrode interfaces?

Can membranes composed all or in part of materials that are catalysts promote
simultaneously the reactions, the separation of the products from the reaction area,
and/or the production reactants for the reactions to promote reactions to completion?

Can the surfaces of solids that are in contact with solids, liquids, and/or gases be
interfaces upon which reactions occur, including catalysts, membranes, and fuel cells?

For hydrogen storage, can metal hydrides be developed that absorb hydrogen on metals
at elevated temperature and pressure, and gas-on-solid absorption, including nanotube
structures, fullerenes, and other highly porous materials?

ENHANCING THE NATURAL CARBON CYCLE

The natural carbon cycle involves complex interactions among living organisms; their
degradation byproducts; the atmosphere; the oceans, rivers, and lakes; and the mineral
constituents of the earth. The principal driver for exchange between the atmosphere and the
terrestrial biosphere is photosynthetic uptake of CO, by plants, followed by release of CO, back
into the atmosphere when microbial processes decompose plant residues. Atmospheric
exchange of CO, with the oceans occurs primarily by physico-chemical exchange at the
ocean/atmosphere interface, photosynthetic uptake organisms, and formation of calcium
carbonate by marine organisms. The natural carbon cycle is nearly balanced, with net annual
exchanges into and out of the atmosphere being small compared to the gross annual exchange
rates.

The components of the natural carbon cycle that have a large enough capacity and exchange
rate (flux) to capture and sequester carbon include oceans, forests, agricultural lands,
grasslands, tundra, and wetlands. Table 2 provides a compilation of data on the inventory of the
major pools of carbon actively involved in the carbon cycle (oceans, terrestrial biosphere, and
atmosphere) and, more importantly, the magnitude of the annual fluxes among them. For
comparison, the table also shows carbon emissions caused by burning fossil fuels and the
consequent annual increase in the atmospheric inventory of carbon.

The inventory of carbon in the oceans (c. 40,000 GT) is large compared to the inventory in the
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terrestrial biosphere (c. 2,000 GT), which is in turn large compared to the atmospheric inventory
(c. 750 GT). The annual exchange between the atmosphere and the oceans (approximately 85
GT) and the gross annual exchange between the terrestrial biosphere and the atmosphere (c.
100 GT) are large compared to the annual atmospheric increase (c. 3.4 GT) and fossil fuels
emissions (c. 6 GT). The large relative magnitude of these annual exchanges suggests that
modification of the natural carbon cycle presents a significant opportunity for stabilizing or
decreasing atmospheric CO, concentrations.

Gigatonnes C
Inventory or Flux

Annual Atmospheric Increase 34
Release from Use of Fossil Fuels 6
Atmospheric Inventory 750
Annual Source due to Land Use Changes 1.1
Annual Source from Tropical Deforestation 1.6
Annual Terrestrial Sink in Temperate Latitudes 2
Gross Annual Terrestrial Atmospheric Exchange 100
Terrestrial Biosphere Inventory 2,000
Annual Ocean Sink 2
Gross Annual Ocean/Atmosphere Exchange 85
Ocean Inventory 40,000

Table 2. Approximate inventories and fluxes in the natural carbon cycle. Compiled from various
sources. Data are from the mid-1990s. Note that these are not expected to represent a
comprehensive mass balance for CO, and the fluxes do not sum to zero.

Carbon Capture and Sequestration by the Terrestrial Biosphere

CO, is both captured and sequestered in the terrestrial biosphere’s carbon cycle. Important pools
of organic carbon in the terrestrial biosphere are found above ground in biomass associated with
forests, grasslands, wetlands, tundra, and agricultural lands, as well as in soils, roots, organic
detritus, microorganisms, and dissolved organic carbon. The gross annual exchange of carbon
with the terrestrial biosphere (c. 100 GT) attests to the efficiency of the carbon capture, which
occurs largely by photosynthetic conversion of CO, to living plant matter. The efficiency of the
terrestrial biosphere as a repository of organic carbon is evident from the 2,000 GT stored in the
terrestrial biosphere, of which nearly 75 percent is stored in soils. Some approaches for
managing carbon in the terrestrial biosphere include increasing photosynthesis; increasing
carbon capture and storage in agricultural lands; increasing carbon capture and storage in
degraded lands, forests, and wetlands; controlling degradation of methane in soils; and designing
integrated waste treatment plants that reduce carbon emissions.

Carbon enters the terrestrial biosphere via photosynthesis. The rate of photosynthesis depends
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in part on nutrient, temperature, precipitation, sunlight, and atmospheric CO, levels. However,
increasing photosynthesis may accelerate carbon throughput without increasing storage if
accompanied only by increased litterfall and increased decomposition. Studies on enhancing
photosynthesis must be accompanied by studies to understand factors controlling decomposition
rates and the transfer of carbon to slowly decomposing pools.

Soil carbon may be depleted by as much as 50 percent in agricultural lands, compared to
precultivation levels (Goudrian 1990). Restoration of one-half to two-thirds of the soil carbon in
agricultural lands over a 50-year period could capture and store from 0.4 to 0.6 GT per year
(Watson, Zinyowera, and Moss 1996). This option is appealing because the agricultural
infrastructure already exists to make use of research findings that would enhance the cost-
effectiveness of existing practices and soil conservation programs.

As the result of poor soil management practices, significant amounts of the world’s soils are too
degraded to use for agricultural purposes or even for restoration of natural ecosystems. The
growing worldwide demand for food and appreciation for the importance of restoration of natural
ecosystems provide more incentive to rehabilitate these lands. Increasing carbon capture and
storage could be part of a rehabilitation plan. Estimates suggest that from 0.02 to 0.2 GT per

year of carbon could be captured and stored in this way (Watson, Zinyowera, and Moss 1996)
over a 50-year period.

Enhanced carbon capture and storage could occur in low-, mid- and high-latitude forests through
a combination of enhanced biomass production in existing forests, regeneration of forests on
deforested or otherwise low-productivity lands, and agroforestry. The largest opportunity to
contribute to carbon capture and storage is found in the lower latitudes, where extensive
deforestation is occurring today. Enhanced reforestation techniques could accelerate the
effectiveness of this approach.

Wetlands are an important natural sink for carbon. Degradation of organic matter in wetlands is
typically incomplete, leading to large concentrations of organic matter in wetland sediments.
Enhancing the magnitude and effectiveness of carbon capture and sequestration could be
achieved by creating more wetlands or finding ways to enhance the natural sequestration
process. Finding methods to suppress methane generation in wetlands (or prevent methane
transport to the atmosphere) could also make this a more attractive option, since methane is a
much more potent greenhouse gas than carbon dioxide.

Since methane is also part of the natural carbon cycle, methods to remove methane from the
atmosphere or limit methane generation also should be evaluated.® Important sources of
methane include rice cultivation, wetlands (produced from anaerobic decomposition of organic
matter), ruminants, biomass burning, and landfills. Annually, some 0.5 GT of methane is
introduced into the atmosphere, but nearly 90 percent of this is destroyed by oxidation in the
atmosphere and decomposition in soils. Controlling decomposition in soils could stabilize or

¢ On a weight basis, methane contributes over 20 times as much radiative forcing as does CO,
(Houghton et al. 1996)
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decrease atmospheric methane concentrations.

Solid and liquid waste treatment and disposal are a significant source of methane. Integrated
advanced waste treatment systems that produce and capture methane provide the dual benefit
of controlling methane emissions and providing a fuel source. Technologies that use algal
biomass grown in high-rate ponds to enhance anaerobic treatment of waste also have the
additional benefit of capturing carbon from the atmosphere. Nations developing their waste
treatment infrastructure could immediately benefit from enhanced technologies. Scheduled
infrastructure replacement in the developed nations could benefit from adoption of new
technologies.

Critical knowledge gaps related to each of these approaches must be addressed before their
respective benefits and drawbacks can be fully assessed. Capture and storage of carbon is
transitory and depends critically on climatic conditions. A better understanding of the fundamental
biological, chemical, and hydrological mechanisms that control the carbon cycle is an important
first step in enhancing it. Below are some of the key research needs to address critical
knowledge gaps.

Fundamental understanding of carbon cycling in soils. The cycling of carbon in soils involves the
complex interaction among living and dead biomass, microorganisms, water, solutes, and mineral
constituents of a soil. The organic matter in soil consists of a mixture of unaltered or

partly altered plant material and microorganisms, organic acids, and humic substances. Turnover
times for the various forms of carbon (the time required to convert organic carbon to inorganic
forms such as CO,) vary from less than a year for microbial biomass to thousands of years for
some of the humic and fulvic acids. If methods could be devised for creating large pools of
carbon with very long turnover times, soils could provide a large repository for sequestering
carbon. While the studies of soil productivity and associated topics are century-old research
endeavors, we still have only a rudimentary understanding of the biogeochemical processes that
control turnover times. Mechanistic studies at the molecular, micro-, and meso-scales will
provide the foundation for developing new technologies to capture and sequester carbon. Key
fundamental research questions that could provide this knowledge are given below.

What are the forms of dissolved organic carbon and nitrogen in terrestrial systems? What
are their molecular structures? How are they formed? How are they transported in soil
systems? How stable are they? What environmental factors influence their stability? What
are the degradation mechanisms?

What are the processes involved in conversion of plant material to carbon-containing
compounds that are chemically and physically inert?

How do the interactions among the carbon, nitrogen, sulfur, phosphorus, and water
cycles affect carbon storage?

What are the mechanisms by which methane is utilized and decomposed in soils? What
is the relationship between methanogens and methanotrophs with respect to competition
and maintenance as affected by changes in ecophysiological parameters such as
moisture, temperature, Eh, pH, and availability of nutrients?

17



Understanding mechanisms to enhance carbon storage in soils. Developing technologies for
incorporating and storing more carbon in agricultural soils will require mechanistic understanding
of the influence of soil cultivation and conservation practices on the carbon cycle. Methods for
monitoring and verifying increases in soil carbon storage will also be needed. Examples of
agricultural practices that could lead to enhanced carbon storage include incorporating post-
harvest leaves and stems into soils, reducing tillage and aeration, reducing bare-soil fallowing,
rotating crops, growing perennial crops, or growing crops with large amounts of below-ground
biomass (roots). Once more is understood about the influence of interaction of the carbon,
nitrogen, sulfur, phosphorus, and water cycles on carbon cycle, modification of irrigation and
fertilization practices may also provide options for enhanced carbon capture and sequestration.
Mechanistic studies of the important physical, chemical and microbial processes at the micro-
and meso-scales are needed to guide follow-on experimentation at the pilot and field scales.
Below are some of the key questions that must be addressed:

What are the mechanisms by which agricultural practices such as tillage, fertilization,
pesticide and herbicide application, crop rotation, irrigation fallowing, and erosion control
influence carbon storage?

How will soil quality and crop productivity be influenced by carbon capture and storage
technologies?

Which of these practices or combinations of them will lead to enhanced carbon storage
without unduly interfering with agricultural productivity or causing ecological harm? How
can soil carbon storage be monitored and verified, particularly the creation of long-lived
forms of carbon in soils?

Understanding how climate change and anthropogenic emissions affect the natural carbon cycle.
The natural carbon cycle in the terrestrial biosphere is also influenced by anthropogenic
emissions. The data indicate both positive and negative feedbacks to carbon capture and
sequestration caused by increased concentrations of atmospheric carbon dioxide, nitrogen,
ozone, and sulfur compounds. Moreover, climate changes created by anthropogenic emissions
of greenhouse gases will lead to regional shifts in temperature and precipitation. These shifts will
influence carbon capture and storage in the terrestrial biosphere. Understanding these feedbacks
will be important for developing a comprehensive strategy for carbon management. Ecosystem-
scale research underpinned by mechanistic studies of key processes is needed to understand
anthropogenic influences on the natural carbon cycle.

Carbon Capture and Sequestration in the Oceans

The large exchange rates (c. 85 GT/year) and the large inventory of carbon (c. 40,000 GT)
suggest that oceans may have the potential to capture and sequester significant quantities of
CO,. Deep ocean sequestration is particularly attractive because of the long residence times
(hundreds of years) for waters below the thermal inversion. Nevertheless, researchers disagree
regarding the technical feasibility, viability, and environmental consequences of manipulating the
carbon cycle in the oceans to capture and sequester more carbon, in part because the ocean
carbon cycle is complex and in part because there is much we need to know before we could
proceed with any assurance of success.
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The exchange of carbon between the atmosphere and oceans depends on the gradient in the
CO, partial pressure as well as the rate of gas exchange across the air/sea interface. The CO,
partial pressure in surface waters is controlled by three primary mechanisms which are often
referred to as the solubility pump, the biological pump and the carbonate pump. The solubility
pump is driven principally by temperature variations in the water column. The biological pump
results from photosynthetic production of planktonic organisms in surface waters and subsequent
sedimentation of organic debris. The carbonate pump results from production and sedimentation
of calcium carbonate by marine organisms. The complex interplay of these processes with ocean
circulation can create either a sink or a source of CO,, or both, depending on the season.
Improved understanding of these processes and how they vary on a daily, intra- and inter-annual
time scale is important to understand the natural carbon cycle and to formulate any management
strategy for capturing and sequestering more carbon. Below are some of the key research needs
to address critical knowledge gaps:

Fundamental understanding of the carbon cycle in the ocean. Mechanistic investigations of the
primary processes described above and their interactions with physical changes caused by
ocean circulation are needed to develop a fundamental understanding of the carbon cycle in the
ocean. In addition, more accurate and deployable methods are needed to measure CO, fluxes
across the ocean/air interface, dissolved and particulate organic carbon, and ocean productivity
on the appropriate spatial and temporal scales. Integrated field, laboratory and modeling studies
are needed to answer some of the key questions listed below:

What are the forms of dissolved organic carbon in the ocean? What are their molecular
structures? How are they formed? How are they transported? How stable are they? What
environmental factors influence their stability? What are the degradation mechanisms?

What is the nature of the particulate forms of organic carbon in the ocean? How stable
are they? What environmental factors influence their stability? What are the degradation
mechanisms?

How variable are the components of the ocean carbon cycle on daily, inter-annual, and
event-driven time scales?

What is the dependency of the gas exchange rate on wind, stability, and other
parameters at the planetary boundary layer? What is the co-variation between gas
exchange rates and the partial pressure of CO, in the surface waters?

What is the community structure of the marine organisms that drive the biological and
carbonate pumps? What is the relationship between the community structure and carbon
export?

How would shutdown of thermohaline circulation as a result of climate change influence
carbon storage in the ocean?

What do paleoclimate studies reveal about the biogeochemical cycle in the oceans and
its relationship to atmospheric CO, concentrations?
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Fundamental understanding of mechanisms for enhancing carbon capture and sequestration.
Increasing ocean productivity could lead to enhanced carbon capture and sequestration by some
or all of the following mechanisms: (1) increasing air-sea transfer of CO,, (2) enlarging the
oceanic food web, (3) increasing organic carbon sedimentation rates, (4) increasing the
efficiency of particulate carbon export from surface waters, and (5) decreased remineralization
efficiency. Exploratory experiments have already been performed to stimulate ocean productivity
by iron fertilization, but many more laboratory, field, and modeling studies are needed to explore
this and other strategies for enhancing ocean productivity and determining the effectiveness of
enhanced biological productivity on carbon capture and sequestration. Below are some of the key
questions that need to be addressed by theoretical, laboratory, and ecosystem-scale research to
develop a better understanding of the mechanisms for enhancing carbon capture and
sequestration in the oceans:

What are the optimal mechanisms for enhancing ocean productivity? What kinds of
nutrients could be added to the oceans to enhance productivity? How could these
nutrients be delivered where and when they are needed? What will be the food-web
response to nutrient additions? Where could nutrients be added to achieve the desired
effect?

Could biomass be cultivated in the oceans and harvested for food or fuel? How could it
be captured without adverse ecological consequences?

How much iron, nitrogen, or other nutrients are needed to significantly increase carbon
storage in the oceans? What are the best sources of nutrients? How and when should
they be delivered?

What are the ecological consequences of enhancing ocean productivity?
What will be the effect of enhanced carbon storage in the oceans on marine life?

What would be the climate feedback caused by enhancing ocean productivity?

BIOMASS PRODUCTION AND UTILIZATION

Biomass can be a major renewable energy source in the twenty-first century; it already supplies
about 3 percent of US and 15 percent of world energy for human use. Crops grown for food,
feed, fiber, chemicals, and materials, and crops grown specifically for energy can supply
renewable resources for energy production that offset the use of fossil fuels and produce
significant environmental and social benefits in addition to atmospheric carbon reduction.
Technologies based on direct combustion are under development and are expected to be able to
achieve conversion efficiencies above 40 percent. More advanced technologies, based for
example on combining gasifiers with fuel cell/microturbine combined cycles, could achieve
efficiencies approaching 57 percent. It is difficult to estimate the date of commercialization of
such systems; however, significant R&D is underway at present. Transportation fuels from
biomass, including ethanol, ethers, and hydrogen; and chemicals and materials from biomass
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can replace products now made from oil and gas.

Biomass energy is a naturally stored form of solar energy that can be converted on demand to
products, including around-the-clock (baseload) electricity. It can be converted to liquid fuels,
gases, chemicals, materials, and used directly for heat. These potential biomass uses require
technology breakthroughs supported by the directed basic research outlined here.

One major research goal is to improve plant productivity and utility in the capture of solar energy
and conversion to chemical energy. This multidisciplinary research will produce fundamental
understanding of the expression of genes; reduced cycling time to create transgenic plants in the
laboratory; understanding and manipulation of plant biochemistry and physiology; knowledge of
soil and water interactions with plant growth processes; and integrated theory and practice
addressing ecological and biodiversity effects. This research also needs to address an
understanding of the soil matrix in which biomass grows and increase scientific understanding of
ways in which degraded land can be reclaimed for crop production.

A parallel major research goal is to create breakthroughs in plant material disassembly and
conversion through advances in biology, biochemistry, chemistry, thermochemistry, computer
science, molecular and process modeling, and process design. This research will produce
selective methods to take apart the complex lignocellulosic structure of plant material; increase
understanding of inorganic-biopolymer molecular interactions; identify new metabolic pathways to
provide more efficient energy forms such as hydrogen; explore new “chemistries” that produce
unique biomass-derived chemicals and materials; and analyze fundamental mechanisms and
kinetics of thermochemical conversion steps, including ash deposition and gas conditioning.

A third research area supports these two major thrusts with crosscutting research to develop or
improve fundamental methods, supporting research into environmental and social issues raised
by the manipulation of life forms to meet human needs, and specific tools such as enzyme/gene
collections and a premium biomass sample bank.

Basic Plant and Growth Processes

To ensure the yields necessary for biomass production to be competitive with other energy
production, we need to select desirable plant species and variation, engineer genetically the
changes that will improve conversion efficiency and plant growth and survival, and manage the
growth process for maximum yield. The genetics in plant variation influence responses to abiotic
and biotic stresses, and undoubtedly there is interplay among the relative ratio of cell wall
components, their organization in the wall, and survival strategies of the plant. Genotypes, novel
gene sequences, gene regulators, and gene expression are crucial factors in developing
desirable biomass species. Plant assembly fundamentals can be used to create fast-growing
tree crops that produce high-strength structural woods and composites for use in construction;
this would also reverse the current trend towards use of fossil fuel-derived materials in the
construction industry and provide a potential century-long carbon sink.

Plant genetics and structure are only one part of the picture; the growth process itself also needs
to be managed. Soil characteristics influencing sustainable productivity include soil nutrition
levels, moisture characteristics, and soil organic matter. All of these factors are intertwined and
affected by site temperature, hydrologic setting, and vegetation community. Water availability
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regulates many soil processes, including off-site movement of materials (e.g., runoff),
biogeochemical cycling, and nutrient availability. Soil carbon levels are directly related to the soil
productivity and the sustainable production of biomass crops.

Finally, energy crop production will not be cost-effective if it depends on high nitrogen inputs. The
efficient use of nitrogen and other nutrients will be paramount to the sustained productivity of
energy crops. Minimizing nutrient levels in harvested plant tissues is desirable for
thermochemical or biochemical conversion processes. Optimizing nitrogen and micronutrient
levels to supply plant growth needs, improve disease resistance, and ensure site sustainability
while minimizing nutrient runoff and high tissue concentrations will be a significant challenge.

We do not fully understand how plants work or why some plants show better performance than
others in meeting specific goals (such as maximum biomass yields per unit of land, or ideal
composition and structure for conversion to specific products). We need to develop plants with
reliable performance on degraded lands or less than optimum site conditions. We have some
knowledge of how assembly of plant material (chemical and structural components) occurs, and
how to develop plants for specific end uses such as wood or fiber products. We need to know
more about when components are made in a plant’s life cycle and why they are made at specific
sites so plants can become even more versatile precursors to a variety of products.

The cell wall is the major component of a plant’s structure; it is built of the major biopolymers. In

the example of woody plants, we need to understand how the cell lays down the crystalline fibers
for strength and how lignin acts as a protective glue-like coating. We understand the cellular
synthesis of precursors (monomers) in the cell but not the polymerization and aggregation

process that integrates these components into the cell wall. These molecular and

macromolecular interactions control growth rates, mechanical strength, and types and purities of
products that can be isolated.

The major research areas needed to increase our understanding of plant growth and plant
material assembly processes are the following:

What are the physiological and genetic controls or limitations of photosynthetic
pathways? What are physiological and genetic controls or limitations of the efficiency of
sunlight capture and conversion to biomass? What processes are involved in saturating
light intensity, turnover of electron transport apparatus, carbon partitioning, and
photorespiration?

What are the metabolic pathways that control plant productivity responses to changes in
nutrients, water, and atmospheric conditions such as ozone and CO, concentrations?
What are the links among plants’ responses to abiotic and biotic (pest and disease)
stresses to reduce the risk inherent in relying on biological systems? How do the genetics
of plant variation affect response to abiotic and biotic stresses?

What are the underlying genetic bases and physiological processes contributing to
differences in ability to grow on low nitrogen and to recycle nitrogen? How can the use
of nitrogen and other nutrients be optimized?

How do cell wall macromolecules (e.g., cellulose, lignin, hemicelluloses in woody materials)
assemble into different tissues and organelles? How are cell walls formed?
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How can we evaluate the effects of genetic engineering on both conversion efficiency and
plant growth and survival? How do plants and algae regulate biosynthesis of lipids and
starch and store these desirable fuel and food precursors?

How can we employ biomass genotypes from extreme environments or biomass
genotypes that express novel characteristics to identify and isolate novel gene
sequences? Can novel gene sequences be useful in rapid trait characterization and
identification of unique and useful gene regulators? For instance, what are the genetic
mechanisms that concentrate certain products in to tissues such as starch into corn
kernels or fragrant oils into mint leaves? How can we control the localization of yields of
coproducts in accessible harvestable tissues? How may the timing and activation of
desired enzymes be controlled? What genes improve the availability, quantity, and
composition of biomass species?

How can we routinely accomplish stable gene insertion into host genomes? How can we
ensure reliable expression of these genes over time and in diverse environments?

How do individual wood components interact at the molecular level to transfer mechanical
stress? How can individual fibers be easily separated without decreasing the strength of
the fibers or introducing defects? How does the anatomical form of the fibers influence
strength?

How can we nondestructively measure soil/root/microbial interactions? What is the
relationship between nitrogen fixation/fertilization and carbon storage/cycling?

What are the functional linkages among soil moisture levels, soil biology, and nutrient
cycling?

What are the forms and synthesis of organic substances, carbon turnover rates, and
processes or water relationships affecting the biogeochemical cycling of carbon? How
may soil carbon pool fractions be characterized? What is the functional role of soil
organic matter in element cycling and water relationships? What are the roles of plants
and soil microbes in building soil carbon pools?

Biomass Disassembly and Conversion

Studying natural processes that break down and recycle plant material can help us maintain
inherent plant energy content while extracting intermediate products or building blocks for
producing biofuels or materials with very low net carbon emissions. Fungi and bacteria use
enzymes to degrade biomass; nature also uses the abrasive action of pressure combined with
solvents. Humans have learned how to supplement these natural processes with faster
processes (e.g., pulping). Basic research will enable us to maximize these options and enhance
natural plant disassembly processes.

After selective disassembly of plants into components, further conversion reactions become
more efficient. Biomass provides many chemical building blocks: monomers, oligomers, and
polymers. We need separation and pretreatment technology that retrieves these components
from biomass cleanly and reproducibly.
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Because biomass has high hydrogen and oxygen contents, coupled with low fractions of
pollutant precursors, it can be used to produce alcohols and other oxygenates. Basic research in
promising conversion technologies will add to the body of scientific knowledge critical to
developing breakthroughs leading to greater impact on, and control of, atmospheric carbon
management. In some cases biological approaches are superior in efficiency and low
environmental impact; in other cases chemical or thermochemical treatments are more efficient.

Basic research needs include the following:

Biological and chemical disassembly. Natural enzymes degrade some biomass components with

a very high degree of specificity and offer approaches that may prove promising if they can be
accelerated. Furthermore, understanding the kinetic and thermodynamic pathways that control
plant disassembly reactions will allow for an increase in their rates and selectivity. Many selective
and efficient chemical reactions operate on the monomers that make up plant cell walls.

However, selectivity and efficiency diminish substantially when chemical techniques are used to
disassemble the whole polymeric biomass material.

How do water-soluble enzymes attack a dense solid substrate? How can the accessibility
of the solid to the enzyme be increased? Can new degradative enzymes be found within
the natural diversity or created? Can the distribution of these enzymes within plants be
controlled?

Can we develop more selective chemical catalysts? Can we better understand secondary
reactions? Can we create very sensitive post-reaction separation and concentration
techniques or innovative ways to combine them?

Thermochemical disassembly. Thermochemical processes can rapidly disassemble solid plant
materials. These processes involve multiple and competing reaction pathways, and lead to a
wide variety of secondary reactions. Multiple and competing pathways lead to poor yields of any
single product and thus require additional complex separation technologies. Frequently the
secondary products condense into tars and chars that are difficult to process further.

Can we improve our understanding of the very rapid reactions that occur at moderate to
high temperatures, particularly of the competing kinetic and thermodynamic pathways?
How can we model these reactions?

How can cell wall constituents be destructured and depolymerized? What are the
subcritical and supercitical solvation effects? What are the fundamentals and selectivity
enhancements of acid-base-redox catalysis? How may fractionated constituents be
separated, isolated, and purified? How can the bio and thermal catalysis of carbon-
oxygen bonds be accomplished?

Feedstock characterization and improvements for process use. The steps involved in preparing
biomass-derived materials and feeding them to conversion processes are crucial—and the major
sources of operational problems, energy use, and cost.

What are the microscopic, physical, chemical, and biological characteristics of biomass-
derived feed components? What are the mechanics and fluid dynamics of fibrous and
particulate materials? What are the physical and chemical separations of inorganics and
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cell wall constituents? What are the inorganic-biopolymer molecular interactions?

Biological conversion. Current bioconversion technology is limited by microbial pH tolerance,
product inhibition, stress, and other factors.

Can we solve the problems of negative effects on microbes, for example, by removal of
inhibitors or immobilization? How can we control or manipulate the intrinsic “microbial
ecology” to allow proper operation under nonsterile conditions typical of large scale
bioprocessing? Can we establish new pathways to more efficient energy forms or new
carbon-containing products such as hydrogen, hydrocarbons, and oils? How can
microbial function in the reactor and in the end-use environment be optimized? What are
effective techniques for nonsterile microbial and microbiological engineering? What are
effective processes for simultaneous conversion and separation?

Chemical conversion. The reaction engineering fundamentals for selective conversion of
biomass components are not nearly as well understood as they are in petrochemical processing.

What are the fundamental kinetics and thermodynamics of biomass reactions? How can
we improve the design of reactors and reaction processes? What are the fundamental
characteristics of biomass-derived products and intermediates? How do heterogeneous
particles; acids and bases; organometallics; and biomimetic, photochemical, or
electrochemical catalysts interact with oxygen-rich substrates derived from biomass?
How can biomass enantiomeric structures (e.g., preferential right- or left-handedness) be
used?

How can we develop new separation technologies, such as membrane technologies or
alternative solvents, to isolate and recover reaction products?

Themochemical conversion. Moderate-temperature conversion (e.g., pyrolysis, liquefaction,
carbonization) offers significant challenges, while high-temperature combustion and gasification
are the primary technologies for conversion of biomass to heat and power. It is also possible to
convert biomass to syngas as a step to the production of liquid fuels.

What are the fundamental mechanisms and kinetics of homolytic and heterolytic
processes? Can moderate-temperature conversion be selectively enhanced by catalysis?
How is rapid heat transfer accomplished in multi-phase media? How may separation and
isolation of products be integrated? What are the fundamentals of carbonization and
polymerization?

What are the thermochemistry, thermodynamic properties, and mechanisms of ash
formation? What are the fundamental mechanisms, kinetics, and transport processes in
high-temperature degradation of polymeric constituents of biomass? What are the
transition regimes between oxidation and pyrolysis combined with multiphase fluid
dynamics? What strategies for hot gas cleanup will improve thermal efficiency, as well as
extend the possibilities for wider use of new biomass feedstocks? What methods can be
developed for processing biomass with fossil fuels to produce hydrogen-rich fuels that
may be particularly valuable as transportation fuels?
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Enablers (Crosscutting Basic Research and Tools)

Underpinning the directed basic research projects suggested above are a number of “enablers”
that will provide tools and support to the research teams.

Crosscutting research: molecular biology, biochemistry, biomimetics, bioengineering, structural
biology; predictive and verifiable models of biomass biology and structure; reaction chemistry,
reactors, and innovative and flexible reaction concepts; advanced analytical tools such as
spectroscopy, imaging technologies, and sensors; instrumentation for rapid analysis and
reactor/process control; improved separations, especially tailored separations to match the
reaction steps; and improved assays.

Supporting research on environmental and social issues: biodiversity in biomass crop production
sites; functional linkages among ecosystems; basic ecological principles of crop, pest, and
disease management strategies; hydrologic, biologic, and abiotic processes controlling offsite
movement of chemicals and nutrients; landfill ecosystems controlling methane production; total
cost accounting of atmospheric carbon reduction by biomass systems; social acceptance of
biomass creation (genetic engineering) and use.

Specific tools. Enzyme/gene collections and a premium biomass sample bank (like the Argonne
National Laboratory premium coal sample bank); baseline experiments using standard, known,
well-characterized samples and reagents.

IMPROVED EFFICIENCY OF ENERGY PRODUCTION, CONVERSION AND UTILIZATION

The previous sections focused on new technologies that are currently not part, or only relatively
minor parts, of our current energy production, conversion, and utilization technologies. These
new technologies hold promise of an energy future with very low or perhaps zero net carbon
dioxide emissions; however, the transition to such technologies will be a lengthy one. In the
interim, there are many opportunities to reduce carbon dioxide emissions from what they
otherwise would have been through increased efficiency of fossil fuel power plants and energy
end uses.

Active applied research programs in the Office of Fossil Energy and Office of Energy Efficiency
and Renewable Energy address relatively near-term opportunities. Basic research can provide a
foundation for opportunities in the future. Within the reach of a mix of basic and applied research
are vehicles with three times the fuel economy of present-day vehicles, buildings that consume
less than half the energy of present new construction, and industrial processes with substantially
greater product yield and commensurate reductions in energy use and waste products.

Increasing the efficiency of a fossil fuel power plant by a certain amount results in proportional
reductions in carbon dioxide emissions, everything else being equal. The situation for energy-end
uses is more complicated, and so is briefly addressed here before turning to basic research
opportunities.

US energy use is divided roughly evenly among the buildings, transportation, and industrial
Sectors. The transportation sector is dominated by the combustion of fossil fuels (almost entirely
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petroleum-based) which results in direct emissions of carbon dioxide to the atmosphere. The
other two sectors use a mix of fossil fuels and electricity. In the case of buildings, the primarily
fossil fuel is natural gas for space heating and hot water heating. Industry uses fossil fuels to
provide process heat, as a feedstock for making other products, and in some cases as an
integral part of the process (e.g., coal in iron ore refining). The use of fossil fuels in these
sectors, as for transportation, results in the direct emission of carbon dioxide.

Electricity, on the other hand, is generated from a complicated mix of fossil fuel power plants,
nuclear power plants, hydroelectric power plants, and renewable technologies such as wind and
geothermal. Thus, electricity used in the buildings and industrial sectors results in the indirect
emissions of carbon dioxide corresponding to the share of the electricity that is generated by
fossil fuel power plants.

The transportation sector may increasingly make use of alternative fuels such as hydrogen,
natural gas, or methanol from biomass conversion or coal liquefaction and/or it may use batteries
that are dependent on electricity. Technologies to capture the energy lost in braking, such as
flywheels and capacitors, can also contribute. These various possibilities have very different
implications for carbon dioxide emissions.

In the building sector improvements in energy efficiency in both new and retrofitted buildings
have generally resulted in reduced energy use, despite offsetting factors such as the trend
towards larger homes, increased commercial floor space, and greater saturation of energy-using
equipment.

In the industrial sector energy efficiency is generally associated with improvements in
manufacturing processes. Expressed differently, an improved process that reduces the cost or
improves product yield will generally use less energy per unit product. Thus, an improvement in
product yield is usually directly related to a reduction in carbon dioxide emissions.

Within the above context, key areas for basic research include catalysts; combustion; structural
materials; high temperature materials; optical, thin film, and semiconductor materials;
electrochemical processes; sensors and controls; and computation.

Catalysts

Catalysts are used extensively in many industrial sectors, particularly in petroleum refining,
chemical production, and production of the basic chemical building blocks for a wide range of
materials. Catalysts function by interacting directly with the molecules in the chemical reaction.
For this reason the design of the optimal catalyst for a particular reaction depends on a detailed
knowledge of the structure of the catalyst and the chemistry of its participation in the reaction.
The structure of many catalysts is not well known, nor is the mechanism of their catalytic activity.
Further, our ability to design a catalyst of a particular structure and/or for a particular reaction is
extremely limited.

Basic research needs and opportunities include:

New catalysts. Catalysts can be useful for a number of applications in relating to transportation,
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buildings, and industry.

Can we develop catalysts to reduce NOx emissions in lean-burn and diesel engines,
permitting these engines to meet air quality emission standards as well as having a
higher fuel economy than standard gasoline internal combustion engines? Can new
catalysts for "C-H activation" improve the process by which a wide range of chemicals
can be produced efficiently from natural gas? Can catalysts improve the photo-catalytic
production of hydrogen from water as a feedstock in the chemical industry?

How can biocatalysts be developed? How can an enzyme be designed for a particular
industrial reaction? How can such an enzyme be synthesized? How can the stability and
lifetime of enzymes be increased?

Combustion

Virtually all energy-related carbon dioxide emissions are from the combustion process. Reducing
carbon dioxide emissions can be accomplished by improving the efficiency of the process itself,
switching to a fuel with a lower carbon content, or reducing the load (e.g., a lighter weight
vehicle). For present purposes, the focus is on the combustion process itself. Improving the
efficiency of this process cannot be separated from considerations of air pollutant emissions,
because increasing these emissions in the interests of reducing carbon emissions will generally
not be acceptable. An example is given above of low-NO, catalysts that would enable more
efficient lean-burn engines. Other research areas addressed below would also permit more
efficient combustion: high temperature materials, sensors and controls, and robust modeling of
the combustion process using high performance computing. Attention needs to be given in all of
this research to the combustion conditions that result from co-firing fossil fuels with biomass, as
such additions of biomass can reduce CO, emissions.

In addition to the research areas addressed elsewhere in this section, a key basic research area
involves understanding combustion processes in configurations close to those used in actual
applications (e.g., the combustion chamber of diesel engines):

What can advanced mathematical models and computer simulation methods tell us about
combustion?

Can advanced non-intrusive diagnostic techniques help us to understand the chemical,
heat transfer, and fluid mechanics relationships that characterize the combustion
process?

How can we use laboratory experiments to increase basic understanding of flame
chemistry and dynamics in order to increase combustion efficiency, to improve flame
stability in different environments, and to reduce emissions without degrading combustion
efficiency?

Structural Materials

Improved structural materials could lead directly to significant reductions in energy consumption.
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Vehicles made of lighter materials would reduce transportation energy consumption.
Manufacturing structural materials (e.g. steel, aluminum) is in itself energy intensive, leading to
opportunities for energy use reduction through increased manufacturing efficiency, increased
materials lifetime (decreased corrosion, metal fatigue and cracking), and increased use of
recycled feedstocks. Even small improvements in the soft magnetic materials used in power
transformers throughout the power generation infrastructure could dramatically reduce energy
use by reducing heat losses in these devices.

"Smart" materials that can adjust to their environment by changing their properties in a controlled
way have the potential to reduce energy consumption in buildings, for example by changing the
insulation value of a wall or the albedo of a roof. Other possibilities for advanced structural
materials include ones with phase change properties that could absorb solar heat during the day
and release it during the night, and outer shells with photovoltaic properties to generate electricity
from sunlight.

As yet, the relationships between particular atomic structures and particular desirable structural
properties (hardness, chemical stability, toughness, etc.) are not well understood. A greater
understanding of these properties will allow the custom design of materials with desirable
properties.

Basic research needs and opportunities include:

Structure and material properties. Understanding the relationship between structure and material
properties allows advances in developing desirable materials.

Can we develop light alloys with high structural integrity? Can we create materials with
multiple desirable properties (e.g. hardness, tensile strength, and corrosion resistance)?

What are the mechanisms of friction, wear, corrosion, fracture, and fatigue? Can we
develop materials that resist them?

Polymer-based composites. The technical obstacles to be overcome in understanding and taking
advantage of polymer-based composites are essentially the same as that for low mass metals;
however, the technical details of overcoming those obstacles are quite different because of the
differing inherent properties of the materials.

How can we take advantage of the desirable physical properties of these compounds
(i.e., densities that are one-sixth to one-third that of steel depending upon the fiber type,
fiber loading, and resin system)?

High Temperature Materials

Heat engines become more efficient as the temperature of combustion is increased, all else
being equal. Therefore, the development of materials that can withstand increasingly high
temperatures is integral to the improvement of the efficiency of combustion processes. As one
example, the jet engines in Boeing's new 777 airplane use components made of the latest metal
superalloys so that the engine can function at a higher temperature and therefore be more fuel-
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efficient than previous engines. The temperatures reached in this engine are close to the
maximum possible with metal-based (superalloy) parts; the next generation of aircraft engines
will require higher temperature ceramic-based materials for even higher efficiency. These
materials are lighter than steel and have excellent high temperature stability, which make them
particularly attractive for use as engine components in advanced automobiles and other land
vehicles. Ceramic membranes such as those used to transport oxygen ions could be important
for such applications as fuel cells for batteries.

Many monolithic ceramic materials, known for their fragility, lack the strength required for
practical applications. Therefore, composite materials are needed in which the ceramic
contributes the high temperature performance, and additive fibers or particles contribute
strength.

Basic research needs and opportunities include:

Crack growth. The performance of a composite depends critically on the interfaces between
composite components. These interfaces, in turn, affect the crack paths in the material and
hence the fracture toughness.

What is the nature of crack growth? How is it affected by the interaction between the
ceramic and the other components of the composite?

Processing conditions. Certain processing conditions affect the ceramics that are produced.

How do sintering, flaw healing, wetting, and joining affect the properties of the new
ceramic materials? How can conditions be adjusted to provide optimal properties?

Fracture and fatigue. Research to acquire a basic understanding of fracture and fatigue in these
new materials is required.

How can we ensure that new materials have reasonable lifetimes and do not fail
catastrophically, especially in aircraft?

Electrochemical Processes

Rechargeable batteries, fuel cells, and capacitors hold great promise for more efficient energy
conversion and storage devices. (Fuel cells will not be addressed here in any detail since they
are covered elsewhere in this report.) The battery-powered electric vehicle is a candidate for
reducing carbon dioxide emissions if coupled with a low-carbon electricity source. High-power
batteries and capacitors are enabling technologies for hybrid vehicles that could potentially
double or triple the fuel economy of present-day vehicles. Similarly, high energy batteries are an
enabling technology for non-carbon emitting but intermittent electricity sources such as
photovoltaics and wind, and for load leveling to permit optimum dispatch of low- or zero-carbon
dioxide emission power plants.

Significant advances have been made to improve these electrochemical systems during recent
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years; however, important technical challenges remain to be met before advanced rechargeable
batteries, fuel cells, and capacitors find widespread use in the transportation, buildings, and
industrial sectors. The primary goal is to develop electrochemical systems with the high
performance, long lifetime, and low cost needed to penetrate commercial markets.

Basic research needs and opportunities include:

Can extremely active high-surface-area electrocatalysts be developed for practical fuel-
cell electrodes in which important electrochemical reactions (e.g. oxygen reduction,
alcohol oxidation) proceed at intrinsically slow rates?

Can new electrode materials allow rechargeable battery and capacitor electrodes to
withstand hundreds or thousands of charge-discharge cycles without losing a significant
fraction of their intrinsic electrochemical capacity?

Can new electrolytes overcome limitations in the performance or lifetime of most
electrochemical systems? For example, can the low ionic conductivity of solid polymer
electrolytes (SPEs) be eliminated to improve the performance of lithium/polymer cells?
Can unwanted diffusion of methanol through SPEs be eliminated to improve the
performance and efficiency of direct-methanol fuel cells?

Can the stability of certain system components be improved? Can we develop improved,
cost-effective and corrosion-resistant materials for bipolar electrode substrates, electrode
current collectors, flow fields, cell seals, feedthroughs, and separators?

Optical, Thin Film, and Semiconductor Materials

Optoelectronic, thin film, and semiconductor materials are used extensively in energy generation
(e.g., photovoltaic devices; sensors in nuclear and conventional power plants), energy
distribution (e.g., power grid control circuits, AC/DC conversion), and energy use (e.g., engine
sensors and processors, solid-state lighting and displays, advanced windows). Improvements in
light-emitting diodes and lasers that function in the visible region of the spectrum will reduce
energy consumption through increased efficiency. Application of solid-state devices on the large
scale in signs, displays, and lighting would directly reduce energy consumption because these
devices are highly efficient. New flat panel displays based on concepts such as field emission
and electroluminescence will be more energy efficient than CRTs. Electrochromic and other
advanced coatings can permit active control of the optical and thermal properties of the windows
in a building or vehicle.

For most applications of semiconducting, thin film, and optoelectronic materials, precise control
of the purity and dimensions of the materials is required. For examples, transistor structures
must be "doped" precisely (through the addition of small amounts of other materials that affect
their properties) and the dimensions of the circuitry in advanced microprocessors must be
controlled on a scale that is approaching the atomic level. In addition, the presence of defects in
the crystal structure of the material may have either a desirable or undesirable effect, depending
on the application.

31



Basic research needs and opportunities include:

Can we improve our understanding of the basic principles? Can we increase our ability to
control the process of synthesis of semiconductors to the level of purity required? Can we
improve our understanding of basic properties, such as molecular properties and
dynamics of amorphous silicon and other thin-film photovoltaic technologies?

Can small amounts of "dopant” atoms be added to the semiconductors so that the
semiconductors can be tuned to the precisely required properties?

At the nanoscale level, how can the properties of these new materials be controlled by
their size? How can this lead to entirely new applications (e.g., single electron transistors
and variable color LEDs)?

How can we improve our understanding of the materials used in solid-state light sources,
including wide band gap materials like nitrides, silicon carbide, and organic
semiconductors?

Sensors and Controls

The energy production and utilization sectors have a critical common attribute: they both involve
complex industrial processes to generate or utilize energy. These industrial processes need to be
controlled and optimized to produce or utilize energy effectively. To optimally control these
processes, process measurements need to be made as close to the process as is feasible.
These measurements require sensing and materials technologies that are compatible with high
temperatures, corrosives, mechanical loading, electromagnetic interference, high pressures, and
often other forms of environmental stressors.

Sensors with many of these same attributes would benefit the transportation sector, for example
in directly sensing power plant conditions and air pollutant emissions so that the vehicle can be
operated for optimal fuel economy while meeting emissions standards. Desirable sensors for
these purposes are physically small, inexpensive, and capable of lasting 150,000 miles under
harsh conditions.

Energy use in buildings, particularly in large commercial buildings, could be reduced by the use
of widespread sensors and control systems. Specific-function sensors, such as occupant and
light level sensors, are already in widespread use. However, considerable advances are needed
to achieve information and control the full range of energy-related operation of buildings.

Basic research needs and opportunities include:

Can chemical and materials research support the development of sensors that perform in
harsh environments, and work without wires, at very small scales, and in novel
applications?
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Computation, Visualization, Communications

Ongoing DOE research on computation, visualization, and communications includes the use of
supercomputers, massively parallel computers and massive data storage, and network systems;
imaging and visualization techniques; and algorithms and modeling techniques. The use of these
advanced tools can "enable" advanced energy technologies in ways that might not otherwise
occur. The benefits include advances in energy technologies through advanced modeling,
visualization, remote access, and related methods when direct experimentation is too expensive,
inaccessible, or otherwise unfeasible.

One recent application of advanced computational capabilities to technology development
involves advanced simulation research on diesel engines with the goal of maintaining the high
fuel efficiency of these engines in vehicles (compared to the gasoline internal combustion
engine) while achieving acceptable levels of air pollutant emissions. A second example involves
the use of materials characterization facilities (e.g., electron microscopes) at several national
laboratories to study materials problems (such as low-NO, catalysts.)

There are already some important examples of benefits of this research. Coupled with
breakthroughs in the underlying physical science, fast computer imaging techniques have
enabled the use of magnetic resonance and high superconductor-based detectors for imaging
structural materials, a major advance over current data-display techniques. Exploration of new
energy efficiency strategies in buildings is aided in several important ways by supercomputers:
the analysis of complex, simultaneous heat and mass transfer problems; the ability to optimize
energy and other performance criteria; and the visualization of a building in real time. The
development of robust models of combustion can help to optimize the efficient generation of
energy from combustion while minimizing the emissions of pollutants. Most practical combustion
systems have turbulent flow fields, and modeling these systems is particularly challenging and
requires high performance computing. The success of the models as predictive tools for pollutant
formation requires that they include chemistry, fluid mechanics, and their interactions over a
broad range of time and length scales.

Basic research needs and opportunities include:

Can advanced computer models, which take advantage of supercomputers, be

developed and used for a wide variety of applications, such as the study of interactions of
millions of atoms to predict new superhard materials, simulation of the fundamental
mechanisms of fatigue and corrosion, and the design of new magnetic materials and
structures?

Can computer visualization techniques allow the remote operation (via the Internet) of
complex facilities such as electron microscopes, synchrotrons, and reactor experiments?

CONCLUSION

A carbon management program, supported by basic research, can address climate change
through developing technologies to reduce carbon dioxide emissions from human energy
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production and use. This report constitutes a preliminary, crosscutting summary of high priority
areas where basic science could make a significant impact on carbon management.

Improving our ability to implement a CO, capture and sequestration portfolio of technologies
would include the following:

Clarifying storage integrity and improving reservoir characterization techniques for all of
the sequestration pathways

Determining the ultimate fate of CO, that is disposed of in deep saline formations and the
ocean as well as for all of the other sequestration pathways

Developing better separations technologies, including membranes that have been
optimized for efficient separation of H,, O, and CO, as well as advanced processes for
the cryogenic separation of CO, and physical and chemical absorption of CO, as well as
innovative concepts such as exploring the ability of clathrate hydrates to act as a
separation mechanism

Developing better catalysts, in particular the development of highly selective enzymatic
catalysts that have been optimized for use in the various decarbonization and CO,
utilization process

Exploring novel strategies to “decarbonize” fuels prior to combustion

Increasing understanding of multiphase fluid flow and transport phenomena associated
with CO, sequestration in deep saline formations and in the ocean

Increasing understanding of mineral reactions involving CO, within geological formations
Biotechnology/bioenergy science approaches for CO, capture and sequestration

Improving our ability to implement a hydrogen and fuel cell portfolio of technologies would
include the following:

Developing better catalysts in PEM electrode interfaces, a stable catalyst to facilitate
conversion of hydrocarbons to hydrogen, a high-temperature catalyst for the electrolysis
of water, photoelectric catalysts other than platinum and palladium, and enzymes that act
as catalysts to promote reactions forming hydrogen

Understanding molecular structures and processes in the formation of fluorocarbon
compounds

Developing high-temperature membranes for separating low concentration hydrogen, an
electrolyzer for forming hydrogen and oxygen from water or impure fluids, a complex
metal oxide to transport protons at high temperatures, a fiber composite member to
separate hydrogen from gases, proton electrolytes, high-temperature solid oxide
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electrolytes, and mixed ionic-electronic membranes.

Increasing understanding of catalysts and membranes at interfaces or in combined
functions.

Improving our ability to enhance the natural carbon cycle to sequester more CO, would include
the following:

Increasing fundamental understanding of carbon cycling in soils, including dissolved
organic carbon and nitrogen, conversion of plant material to carbon-containing
compounds, interactions among various elements affecting carbon storage, and the
utilization and decomposition of methane in soils

Increasing understanding of mechanisms to enhance carbon storage in soils, including
the effects of tillage, fertilization, pesticide and herbicide application, crop rotation,
irrigation fallowing, and erosion control

Increasing understanding of the influence of climate change and anthropogenic
emissions on the natural carbon cycle

Increasing fundamental understanding of the carbon cycle in oceans, including dissolved
carbon and particulate forms, variability of ocean carbon cycle components on various
timescales, the relationships among the gas exchange rate and other factors, the
community structure of marine organisms that drive the biological and carbonate pumps,
and the contribution of paleoclimate studies

Increasing fundamental understanding of mechanisms to enhance carbon capture and
sequestration in the oceans, including the addition of nutrients, cultivation of biomass, the
ecological consequences, and possible climate feedbacks.

Improving our ability to implement a biomass energy portfolio of technologies would include the
following:

Increasing understanding of how plants grow, including photosynthetic efficiency, biotic
and abiotic factors affecting metabolic rates and plant productivity responses, nitrogen
cycling and nitrogen use efficiency, and macromolecular cell wall assembly

Learning how to influence genetic structure and thus performance, including functional
genomics and gene expression, compartmentalization, and timing

Using plant assembly fundamentals to create fast-growing, high-production tree crops

Increasing understanding of how soil characteristics, water availability, and soil carbon
interact

Increasing understanding of biological, chemical and thermochemical disassembly of
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plants; feedstock characterization and improvement for process use; and biological,
chemical, and thermochemical conversion of biomass

Performing crosscutting research in biological and chemical areas, and environmental
and social issues involved in biomass production.

Improving our ability to implement an energy efficiency portfolio of technologies would include the
following:
Designing new catalysts for reducing No, emissions, for C-H activation, for the photo-
catalytic production of hydrogen from water, and for various industrial processes

Improving understanding of how to increase the efficiency of combustion processes

Increasing fundamental understanding of the relationship between structure and material
properties; the basic properties of friction, wear, corrosion, fracture, and fatigue; and the
physical characteristics of polymer-based composites

Investigating the nature of crack growth in ceramic materials, the effects of processing
conditions on ceramic materials, and the nature of fracture and fatigue in these new
materials

Developing new electrocatalysts for practical fuel-cell electrodes, new electrode materials
for rechargeable battery and capacitor electrodes, new electrolytes to increase
performance and lifetimes of electrochemical systems, and more stable structural
materials for electrochemical systems

Increasing understanding of how to control the process of synthesizing semiconductors,
what the effects are of small "dopant” atoms to semiconductors, and what the nanoscale
properties of electronic materials are

Increasing understanding of materials used in solid-state light sources

Developing sensors that perform in harsh environments, and work without wires, at very
small scales, and in novel applications

Developing advanced computer models and computer visualization techniques.

Fundamental research in biological, chemical, and physical sciences can support a national
carbon management program and lead to breakthroughs in technologies that will, directly and
indirectly, mitigate climate change. This assessment of research needs includes a wide range of
questions about natural and social processes, as well as a recognition of the importance of basic
science and a need to link research and development needs to the process of technology
development.
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APPENDIX A

Workshop for the Preliminary Identification Of
Basic Science Needs and Opportunities For the
Safe and Economical Capture and Sequestration Of CO:.

Washington, D.C.
July 2, 1997

Workshop Organized by:
Dr. James A. Edmonds and James J. Dooley
Pacific Northwest National Laboratory



OVERVIEW: Making Carbonaceous Fuels an Emissions Free Egerg Source

This paper summarizes aworkshop sponsored by the US Department of Energy's Office of Energy
Research held to examine research needs and opportunities in carbon management with a specific focus
on carbon capture and sequestration. The workshop addressed the question, "Where could

basic science make a difference in CO: capture and sequestration?’ This focus was chosen because
the costs of large-scale carbon capture and sequestration using the current state-of-the-art appears
substantial. Furthermore, the environmental consequences of large-scale CO. sequestration remain
unknown,; therefore, implementing these technol ogies would be unwise until some of this uncertainty
has been resolved. Thus, the workshop focused on identifying areas where a sustained and focused
basic science effort could significantly reduce the cost of implementing CO: capture and
sequestration and/or significantly reduce the uncertainty associated with the impacts of disposing of a
significant portion of the CO: that would otherwise be freely emitted into the atmosphere.

The workshop's participants were subject matter experts in various aspects of CO. capture and
sequestration and were drawn from industry, academia, federal laboratories and the Department of
Energy. The workshop's participants are listed in Appendix #1 of this report.

Workshop discussions were broken into four topical areas and sessions to help focus the discussion and
analysis of basic science needs for each of these areas: (1) Decarbonizing Fossil Fuels, (2) CO:
Capture from Flue Gases, (3) CO: Transport and Sequestration Options, and (4) CO. Utilization
Options.

Workshop participants were very optimistic that CO: capture and sequestration could be
implemented on a scale that would positively impact the earth(s climate and that a sustained basic
science effort today would pay off handsomely in the future. If successfully devel oped, these CO:
capture and sequestration technologies could provide along-term greenhouse gas mitigation option,
while alowing for the continued use of our abundant fossil energy resources. Another reason for the
group(s optimism is the enormous CO: sequestration potential of aquifers, oceans and other
pathways.

This workshop and its proceedings identify targets of opportunity for the development of abasic
science agenda for CO: capture and sequestration. The participants felt that a one- or two-day
conference could easily be held to better define the most promising science avenues for each of the
dozens of broad research areas defined by this workshop. Having said that, a preliminary, cross-
cutting summary of the highest priority areas where basic science could make a significant impact on
improving our ability to implement a CO: capture and sequestration portfolio of technologies would
include:
Clarifying storage integrity and improving reservoir characterization techniques for all of the
sequestration pathways,
Determining the ultimate fate of CO: that is disposed of in deep aquifers and the ocean
Better separations technologies, including membranes that have been optimized for efficient
separation of Hz, O, and CO. as well as advanced processes for the cryogenic
separation of CO. and physical and chemical absorption of CO:
Development of better catalysts, and in particular the development of highly selective
enzymatic catalysts that have been optimized for use in the various decarbonization
and CO: utilization process outlined below
Exploring novel strategies to "decarbonize" fuels prior to combustion, including gaining a better
understanding of the thermal decomposition of hydrocarbons (particularly methane) for the
production of H. and hydrogen-rich fuels



Better understanding of multiphase fluid flow and transport phenomena associated with CO:
disposal in aquifers and in the ocean

Better understanding of mineral reactions involving CO. within geological formations

Biotechnology/bioenergy science approaches for CO: capture and sequestration

The workshop was structured so that each of the four sessions (i.e., Decarbonizing Fossil Fuels, CO:
Capture from Flue Gases, CO:. Transport and Sequestration Options, and CO. Utilization Options)
began with a quick review of the current state-of-the-art and then moved into an in-depth exploration of
new fundamental research needs and opportunities that could significantly reduce costs, improve
performance, or answer safety questions about CO. capture and sequestration in each of these aregs.

DECARBONIZING CARBONACEOUS FUELS

Workshop participants agreed to discuss the decarbonization of carbonaceous fuels as opposed to
limiting the discussion to the decarbonization of fossil fuels. This decision was made for two
reasons. First, many of the processes needed to decarbonize a carbonaceous fuel would apply
regardless of whether the feedstock were natural gas, coa or biomass. Second, if fossil fuels are co-
fired (or co-decarbonized) with biomass and the CO: is sequestered, the process will result in anet
reduction of CO: in the atmosphere (i.e., over time thisis actually a process for "scrubbing" CO:
from the atmosphere).

The goal of decarbonizing a carbonaceous feedstock is to convert the feedstock into two products
before combustion. One product would be a mostly pure stream of CO: or C to be sequestered or
utilized as a feedstock for some other process (discussed below). The second conversion product
would be alow-carbon, hydrogen-rich fuel or (ultimately) a carbon-free fudl (i.e., Hz2). There are two
principal modes for decarbonizing carbonaceous feedstocks. One is the steam reforming of methane
followed by water-gas shift and separation of the CO. and Hzstreams.* The second, and less well
known, method is the therma decomposition of methane to produce carbon and H2? It isimportant
to note that the methane thermal decomposition process would eliminate the need to sequester CO:
since the "waste product” from this process is carbon -- and not gaseous CO: -- which could be stored
for later use or utilized in some manner.® The workshop participants believe that these and other
decarbonization processes ook quite promising, but that many basic science questions remain.

The ultimate economic viability of decarbonization of carbonaceous fuels on awide-scale basisis

! Audus, H., Kaarstad, O., and Kowal, M. "Decarbonisation of fossil fuels: Hydrogen as an energy
carrier,"11" World Hydrogen Energy Conference. Stuttgart, Germany. 1996 and "Fuel Decarbonization for
Fuel Cell Applications and Sequestration of the Separated CO2" Princeton University, Center for Energy and
Environmental Studies PU/CEES Report Number 295, January 1996. It iswaorth noting that steam reforming
of natural gas has been under study for many years and is even practiced on a commercial basis as away to
produce Hz. However, one of the insights added by these researchersis to combine this decarbonization
process with sequestration of the CO. and implementing the entire system on avery broad scale as a climate
change mitigation strategy.

%It isworth noting that the thermal decomposition of methane has not received as much research attention as
the steam reforming of methane. See Steinberg, M. "The Hy-C Process (Thermal Decomposition of Natural
Gas) Potentially the Lowest Cost Source of Hydrogen with the Least CO. Emissions. Brookhaven National
Laboratory. BNL-661364. December 1994. and Steinberg, M. "Biomass and HY DROCARB Technology for
the Removal of Atmospheric CO.." Brookhaven National Laboratory. BNL-43242. August 1989.

% It should be mentioned that a significant amount of energy is also sequestered when solid carbon is
sequestered in this manner. Source: Personal communication Dr. Howard Herzog, Energy Laboratory,
Massachusetts I nstitute of Technology, July 31, 1997.
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directly related to the state of technological readiness of conversion products like fuel cells that could
make use of the clean-burning, high-value-added H.* The workshop participants agreed that if H:
conversion technologies were in widespread use, decarbonizing fossil fuels would have the potentia to
effect amajor reduction in emissions of CO: to the atmosphere.

Workshop participants also talked about more futuristic designs for decarbonizing processes and felt
that in-situ® processes for CO: capture and sequestration held great potentia for reducing costs and
environmental impacts. For example, the group reviewed preliminary research results that indicate
that the in-situ processing of coal bed methane into H.could provide an enormous clean energy
source, and the waste CO. would be "naturally" sequestered in the porous coal surface from which
the coal bed methane was extracted.” The group also discussed the steam reforming of natura gas
(into CO:z and Hz) by using high temperature solar thermal processes.” Lastly, the group discussed
the potential to exploit the vast reserves of methane hydrates in the oceans via some type of
advanced, in-situ decarbonization technology, in which only the high value-added and clean Hzor Hz-
rich energy carrier would be brought to the surface and the CO. waste product would be |eft in place
in the formation in which the original feedstock was found. The group discussed synergies available
from in-situ decarbonization. For example, decarbonizing heavy oils in-situ would produce waste
CO: that would help to boost the production of the field (this process, known as enhanced ail
recovery, isdiscussed below). To exploit these options, new small micro-chemical and mechanical
systems will need to be developed. The group was encouraged by a report on preliminary research
underway in the US on devel oping these micro-chemical and mechanical systems.

Science Needs and Opportunities for Decarbonizing Carbonaceous Fuels
Catalysts. A wide range of cataysts, including highly selective enzymatic catalyst and catalysts that

* The state of development of fuel cells and other technologies that would utilize the high value-added H; or
hydrogen rich fuel stream is the subject of another workshop in this series. As such, these technologies and
the basic science needs for their future development were not taken up during this workshop.

® Throughout the course of this workshop, the group used the term "in-situ" broadly to mean both performing
chemical reactions underground (e.g., inside of an oil well or a coalbed methane seam using micro-chemical
reactors) as well as above ground in the immediate vicinity of the source of the feedstock (e.g., at the well
head). The benefit of either of these "in-situ" applications would be a substantial savingsin costs associated
with transporting the raw feedstock to a centralized conversion facility and subsequently returning the CO:
waste product to be reinjected in to the well when compared to the cost of simply transporting only the clean
Hz, energy carrier.

® See Gunter, W.D., Gentzis, T., Rottenfusser, B.A., Richardson, R.J.H. "Deep Coalbed Methane in Alberta,
Canada: A Fuel with the Potential of Zero Greenhouse Gas Emissions." Paper presented at Third
International Conference on CO2 Removal and Disposal. Cambridge, MA. September 9-11, 1996. Aswell as
Williams, RH. "Hydrogen Production from Coa Bed Methane (CBM) Using Byproduct CO: for enhanced
CBM Recovery, with CO. Sequestration in the Coal Bed." Princeton University's Center for Energy and
Environmental Studies. Manuscript. June 1997.

" See Williams, Robert and Brian Wells. "Solar-Assisted Hydrogen Production from Natural Gas with Low
CO:z Emissions.” Paper presented at the International Conference on "Technologies for Activities
Implemented Jointly" Vancouver. May 1997.

® See Call, C. J, Drost, M. K., and Wegeng, R. S., "Combustion and Partial Oxidation in Compact
Microchannel Reactors," and Wegeng, R., Call, C., and Drost, M., "Chemica System Miniaturization,” both
papers presented at AICHE 1996 Spring National Meeting, New Orleans, Louisiana, February, 1996. See also
Wegeng, et. al., "Micro Chemical System Development Progress,” and Ehrfeld, W., et. al., "Fabrication of
Components and System for Chemical and Biological Microreactors,” both papers to be published in the
forthcoming proceedings of the 1* International Conference on Microreaction Technology, DECHEMA,
Frankfurt Germany, February 1997.
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are optimized for very short residence times, high throughput, and continuous processes, would
have a substantial impact on decarbonization strategies as well as awide variety of industrial
chemical processes. For example, our knowledge of how enzymes work as catalystsis
incomplete; we do not know what part of the enzyme does what nor do we know how to build
partial enzymes and attach them to an engineered substrate.

Gas membrane separation technologies. A magor breakthrough in the cost and efficiency of gas
separation technologies would dramatically lower the costs associated with fielding
decarbonization systems and separating the waste CO: for sequestration.

Biological processes for decarbonizing carbonaceous feedstocks, including harnessing our growing
knowledge of methane producing bacteria (methanogens) and recently discovered
"extremophil€" organisms to start engineering biological entities that could ingest a feedstock like
CHas, sequester the CO: and give off H.°

In the area of high temperature chemistry, pyrolysis and plasmas for the thermal decomposition of
carbonaceous fuels as well as attaining atomic-level understanding and predictive capabilities for
designing materias for these high temperature environments.

Better understanding of catalytic effects as they relate to the thermal decomposition of methane and
developing efficient and continuous processes for the thermal decomposition of methane.

Microfluidics and the processes of manipulating and fabricating structures at micron and molecular
scales for the development of small in-situ chemical reactors and separation systems for
extracting Hz from carbonaceous fuels. Workshop participants stated that the current
understanding of fluid flow and heat/mass transfer as embodied in computational fluid dynamic
(CFD) codes is not applicable to fluid flows of less than afew hundred microns in diameter. If
the promise of the in-situ processes discussed in this workshop is to be realized, a better
understanding of fluid flow and heat and mass transfer at these scales will need to be devel oped.

CO. CAPTURE FROM FLUE GASES

Workshop participants noted that, athough the extraction of CO. from flue gasesis technically
feasible with existing technology, CO: capture from flue gases increases the cost of busbar electricity
by as much as 50% above current levels because of the large capital costs to construct and the large
amount of energy needed to power the CO. removal systems."® Therefore, a major research priority
for this aspect of CO: capture and sequestration would be to examine different system configurations
(and in particular integrating CO- recovery into new fossil fuel power plant designs rather than
retrofitting existing plants) that would optimize the efficiency of the entire fossil fuel power plant
including its CO: recovery system. Recent Japanese research has shown that the energy penalty for
CO: recovery systems can be halved through improved solvents and better column/stack design.

Another major area of concern for CO: extraction from flue gases is that the capture of CO. from
flue gasesislargely a systems-driven prablem, i.e., what type of fuel isbeing combusted and in what
type of process largely determines the CO: recovery system. Flue gases are typically a combination
of CO. and awide variety of other combustion waste products (rarely a pure stream of CO), The
presence of these other gases — in particular, SOx and NOx —and their concentration relative to the

°In August 1996, ateam of researchers funded by the Office of Energy Research reported the complete
sequencing of the genome of one of these extremophiles (Methanococcus jannaschii) that lives 8,000 feet deep
in the ocean near thermal vents and produces methane. Research like this could one-day lead to advanced

bi otechnol ogy-based solutions to CO. capture and sequestration.

19 Climate Change 1995: Impacts, Adaptations and Mitigation of Climate Change: Scientific-Technical
Analyses. Contribution of Working Group |1 to the Second Assessment Report of the Intergovernmental Panel
on Climate Change. Cambridge University Press. Cambridge, UK, 1996. (IPCC 1996).
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CO: is another of the major factors in determining the optimal process for CO: extraction from flue
gases.

In general, the workshop participants felt that the basic science issues for CO: capture from flue gases
were similar to those listed in the decarbonization section above. The major difference is that, for
capture from flue gases, the concentrations of CO. would be significantly lower and therefore some of
the science challenges would be more daunting.

Science Needs and Opportunities for CO. Capture from Flue Gases

"Purpose built"chemical solvents. Chemical solvents used for CO: recovery tend to react with both SOx
and NOx to form heat stable salts which are not easily recoverable. This can result in unacceptable
solvent losses unless SOx and NOx are removed upstream indicating that better methods of hot gas
clean up are needed.™

"Purpose built"selective membranes for removing CO. from flue gases. Because there has been no driver
for investing in CO: removal technologies, it is hard to judge how much progress could be made if a
focused effort were made to develop systems that were optimized for the remova of CO.. One
attraction of membranes is that they require less energy for operation than other methods of capture.

Catalyst. Gaining a better atomic and molecular level understanding of and predictive capability for
designing purpose built catalysts would be useful for a number of applications for removing CO:
from flue gases, e.g., water-gas shift reaction.

Inherently less energy intensive processes for fixing CO, such as using biologica organismsto fix the
carbon (including the use of enzymes).

Less energy intensive production of O: for recovering CO: from oxygen blown gasification / combustion
processes (as opposed to air blown processes), e.q., efficient cryogenic distillation of oxygen or very
efficient ionic membranes for separating O from air.””

Cryogenic distillation of CO: for flue streams that have very high CO. concentrations. More efficient
and less energy intensive means of cryogenic distillation would be beneficial.”®

Corrosion science (surface physics and chemistry of oxide layers) for the development of better
corrosion-resistant materials to be used in high-concentration solvent environments for extracting
CO: from flue gases.

Molecular sieves. If the sdlectivity and throughput of molecular sieves could be significantly improved,
molecular sieves might someday be atechnology useful for CO: capture from fossi| fuel power plant
flue gases.

CO: TRANSPORT AND SEQUESTRATION
One aspect of thetotal system cost for CO:. sequestration will be the distance that the CO. must be
transported from its point of generation to the point of ultimate sequestration. Therefore, options

1t was pointed out at the workshop that the overall efficiencies of coal-fired power plants have been in
decline recently because of the large parasitic energy needs of the scrubbing equipment and because of the
increased use of dirtier fuels.

2 1t was noted at the workshop that the Office of Energy Efficiency and Renewable Energy recently let a
contract to ateam led by Air Products to develop improved ionic ceramic membranes for gas separations.

3 At the workshop, it was noted that Exxon is planning to use cryogenic distillation to remove CO; from the
natural gasin the Natuna Gas Field (alarge natural gasfield east of Singapore) because the gas coming out of
thisfield is close to 70% CO: by volume. See Herzog, H., Drake, E. and Adams, E. "CO. Capture, Reuse and
Storage Technologies for Mitigating Global Climate Change” A White Paper. Final Report. Massachusetts
Ingtitute of Technology. Cambridge, MA. 1997.

5



that can reduce the distance that the CO: is transported (e.g., sequestering the CO: in a nearby deep
aquifer) or research that can be carried out to reduce the cost per unit length traveled wouldimprove
the economic prospects for al of the CO: extraction/sequestration system options.14 Once CO: has
been extracted and transported, the next task is to dispose of it in a permanent (or at |least very long-
lived) repository. Three major pathways for the sequestration of CO. have been identified: (1)
sequestration in oceans, (2) sequestration in terrestrial aguifers and depleted oil and gas wells, and (3)
sequestration as a solid on land.

CO: Sequestration in Oceans — The deep ocean is believed to have a tremendous capacity to store
CO: for very long periods. The IPPC's Working Group || conservatively estimates that the
sequestration potential of the deep ocean is as much as 1200 Gt C."> Many pathways have been
identified in the literature to exploit the enormous potential of ocean sequestration of CO.. ***" Some
of the pathways that have been proposed include (1) injection of liquid CO: into moderately deep water
(approximately 500-1500m), (2) injection of COz-rich water into moderately deep water, (3) injection
of gaseous CO: into a Gas Lift Advanced Dissolution (GLAD) system in relatively shallow water
(approximately 200-400 m),"”® (4) injection of liquid CO:z into very deep water (approximately 3000 m),
(5) injection of solid CO: at the surface, (6) injection of solid CO; hydrite at the surface, and (7)
injection of liquid CO: into naturally sinking currents.™

Depleted Oil and Gas Wells®® — Proposals to use depleted oil and gas (DOG) wells to sequester
CO: are based upon the premise that once the oil and natural gas have been removed from the
reservoir the void space could be refilled with compressed gaseous CO.. Since the reservoir once
held oil and gas, the reservoir is assumed to be geologically stable and secure enough to be used
as along-term repository for CO.. For thisreason, it is believed that CO. leakage from DOG
wellswill be of less concern than leakage from aquifers. The capacity of natural-gas fields to
sequester carbon in the form of CO: at the original reservoir pressure has been estimated to be

“ Freund notes that the transportation of CO- is avery well established technology and he therefore sees little
reason for optimism that a major breakthrough from basic science could fundamentally alter the cost of CO:
pipeline transport. Source: Personal communication. Dr. Paul Freund, Director of the IEA Green House Gas
Program. August 5, 1997.

®1PCC 1996. Gt C refersto gigatonnes or 10° metric tons of carbon.

16 The research needs in the area of ocean sequestration have been examined and prioritized by a series of
expert workshops organized and supported by the IEA Green House Gas Programme. Readers are strongly
encouraged to consult this work for more details. In particular, the final workshop in this series drew together
the main conclusions of the workshops and was published as "Ocean Storage of CO2 - Workshop 4: Practical
and Experimental Approaches." IEA Greenhouse Gas R&D Programme. Cheltenham,

United Kingdom. 1997. ISBN 1 898373 05 1.

" For aquick overview of these disposal pathways see Brown, DR, Humpherys, KK, and Vail, LW. "Carbon
Dioxide Control Costs for Gasification Combined-Cycle Plants in the United States.” Pacific Northwest
National Laboratory. PNL-SA-22634. June 1993.

8 A description and schematic of the GLAD system can be found in the Japanese National Institute for
Resources and Environment's 1996 Annual report located on the Internet at

http://www.aist.go.jp/NIRE/nire_ WWW/annal/1996/annual .htm

¥ According to Herzog, the most promising of these options appears to be the first one, i.e., injection of liquid
CO: at depths around 1500 m. Herzog also notes that some of the options listed above appear unrealistic or
prohibitively expensive at this point, e.g., injection of solid CO: at the surface. Personal communication Dr.
Howard Herzog, Energy Laboratory, Massachusetts I nstitute of Technology, July 31, 1997.

% For the purposes of this discussion, a depleted oil and gas reservoir is defined as areservoir in which has not
been in production for more than 25 years. Source: Personal communication. Dr. Perry Bergman, Department
of Energy, Federal Energy Technology Center, August 1, 1997.
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possibly twice that of the carbon content of the original natural gas.”* Workshop participants felt
that of all of the major sequestration options, CO. sequestration in depleted oil and gas wells
would likely be the most publicly acceptable. Workshop participants also felt that the US
government should find ways to work with oil and gas companiesto learn what they know about
the volumes and suitability of specific depleted oil and gas wells for CO. sequestration.

CO: Sequestration in Deep Aquifers — Many analysts have suggested that sequestering CO:z in
underground aquifers looks very promising.> The major advantage of using deep aquifersis that the
sequestration facilities may be located close to the sources, thus reducing the cost of CO: transport
by pipelines.® Secondly, the potential capacity of aquifersis several times larger than the projected
CO: emissions over the next century. Aquifer sequestration also appears to be along-term or
permanent sequestration option, because a large portion of the injected CO. may be fixed into the
aquifer by dissolution or mineralization.** For CO: disposal applications, a minimum depth of 800
meters is required to maintain the pressure and temperature for retaining CO: in supercritical fluid
phase. Ideally these formations would be overlain by formations of low permeability, i.e., caprocks,
which would prevent the upward migration of fluids and thus minimize environmenta risk and
maximize sequestration ti mes.”® However, further research is needed due to the multitude of
hydrogeologic and geochemical processesinvolved. The ultimate feasibility of CO. disposal needs to
be evaluated at severa different spatia, ranging from the pore- or micro scale, to the sedimentary-
basin scale, and time scales. It isimportant to note that the Department of Energy's Federal Energy
Technology Center (FETC) is currently leading a project that uses data from the Mt. Simon
Sandstone, an aquifer already being used for hazardous waste disposal in the Midwest, to evaluate
hydrogeologic, geochemical, and social issues related to CO: disposal.”®

Carbon Sequestration as a Solid on Land — Many of the problems associated with CO:
sequestration can be prevented by extracting carbon, and not CO;, from carbonaceous fuels and
storing the carbon (e.g, carbon black) as a solid on land as away of mitigating greenhouse gases.
Carbon black is produced via the thermal decomposition process discussed above.”” One of the
benefits of storing the carbon as carbon black would be that if stored in aretrievable storage area it
could be used as an energy source by future generations that do not live in an environment as CO:
constrained as the present. This carbon can aso be sold as a materials commodity, e.g., as a material

2 |PCC 1996.

22 It isimportant to note that these are proposals to sequester CO: in deep aquifers, which are generally saline
and hydraulically separated from shallower aguifers and from surface waters used for drinking water.

# Nearly 2/3 of the United States is underlain by aguifers and similar formations can be found throughout the
world. See Brown, Humpherys and Vail 1993 and IPCC 1996 for more details.

* Source: Personal communication Dr. Neeraj Gupta, Battelle Memorial Institute, August 12, 1997.

*The workshop participants examined new [Cand still somewhat controversial [results from aquifer

modeling efforts carried out in Europe that indicate that even if deep aquifers are not completely isolated from
surface water systems the rate of diffusion of CO: in these deep aguifers might be so slow asto effectively
sequester the CO: for hundreds of years. If these projections hold up, they would have a profound and positive
impact on the economics of CO. sequestration since it would eliminate the need to find geologically isolated
aquifers and/or the need to create barriers and other isolation systems. However, according to Bergman, the
idea that "CO: can be stored in an open aquifer for thousands of yearsis a highly debatable prediction of a
model which has numerous assumptions associated with it. Many experts on flow in geological formations
disagree over thiskind of prediction. That iswhy we need a research program to measure and better
understand these phenomena.” Personal communication. Dr. Perry Bergman, Department of Energy, Federal
Energy Technology Center, August 1, 1997.

* Personal communication Dr. Neeraj Gupta, Battelle Memorial Institute, August 12, 1997.

¥ Steinberg, M. 1989 and 1994.
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for the building industry. There have aso been proposals to store CO: as a solid in extremely large
blocks of dry ice on the earth's surface.®® Workshop participants felt that at the present this dry ice
storage proposal was likely to be too expensive for practical application.

Science Needs and Opportunities for CO. Transport and Sequestration

Perhaps the largest unknown in the whole area of CO. capture and sequestration is the uncertainty

surrounding the ecological impacts of disposing of CO: in various media. At this point, we do not

even know if the ecologica impacts of venting CO: into the atmosphere and thereby dightly changing
the pH of surface waters isless or more than direct injection of CO: into deep waters with larger pH
changes at this deeper level. Specific questions that need to be resolved are:

Better modeling of deep-sea currents to understand their impact on proposed CO: sequestration
methods. The current state of knowledge about the diffusivity of CO: at various depthsin the
ocean isvery primitive. More experiments and improved models are needed in this area before
any serious consideration could be give to large-scale field test of oceanic CO. sequestration.
Thereis aso aneed to adapt ocean global circulation models so that they can start to model the
long-term fate of CO: injected into the ocean. This capability will be needed for determining the
best sites, the overall effectiveness, and far-field environmenta impacts. Tracer studies should
be included as part of these efforts.

Better understanding of the equilibrium mechanics of carbonates is needed particularly in the area of
ocean chemistry of carbonates and the buffering ability of the ocean.

Near- and far-field biological impacts of CO. sequestration in oceans needs to be much better
understood.

Better modeling of depleted oil and gas wells and their potential to sequester CO: for long periods
(greater than afew hundred years) is needed.

Basic theoretical and laboratory research needs to be conducted on the fluid, thermal and geologic
properties of deep aguifers, to improve our limited knowledge of these bodies and the
rudimentary models of deep aquifer behavior.”® Presently we are unable to make any useful
generalizations about aquifers as CO: repositories; each aquifer would have to be treasted on a
case-by-case basis. Research needing to be carried out includes pore-scale and injection well-
scale flow, transport, and reaction modeling. At the micro scale, issues such as multiphase fluid
movement, phase trangition, density and viscosity effects, and geochemical reactions need to be
considered. At the injection-well scale, hydraulic issues such as lateral and vertical migration,
wdll integrity, caprock integrity, permesability, pressure buildup, sweep efficiency, density and
viscosity effects and storage capacity are important.

% See Seifritz, Walter. "The Terrestrial Storage of CO-Dry Ice" Energy Conversion and Management, Vol
34, nos 9-11, pp. 1121-1141, 1993.

* Most of the knowledge in the US about fluid flow in deep aquifers derives from the use of aquifers as
injection wells for hazardous wastes. At present there are no CO. sequestration facilities in the US. The only
known facility for aguifer sequestration of CO; outside the US is the offshore injection well a Sleipner Vest in
the North Seain Norway. At thissite, operated by Statoil, up to 1 million tons per year of CO. separated from
natural gas are being disposed of in a subsea aquifer since 1996. In addition, Exxon and Pertamina are
currently planning a much larger offshore aquifer sequestration facility at the Natuna gas field in Indonesia.
The European Community has conducted a major evaluation of the feasibility of CO. sequestration in the
European Union and Norway under its Joule Il program (See S. Holloway, "An Overview of the Joule I
Project "The Underground Disposal of Carbon Dioxide," Energy Conversion and Management, Vol 37, nos 6-
8, pp. 1149-1154, 1996). The data and experience obtained from the existing deep-waste disposal facilities
and from the Sleipner Vest site form a strong foundation for further research and development on the specifics
of CO: sequestration in deep formations. Source, personal communication Dr. Neeraj Gupta, Battelle
Memorial Institute, August 12, 1997.
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Evaluation of kinetics of mineraization reactions. Improved understanding of how complex
carbonates are formed in aguifers. How does CO2 injected into aquifers react with minerals
found there? Are complex carbonates produced and, if so, isit a a geologic timescales or are
these reactions much more rapid in the presence of concentrated CO2 (e.g., a stream of liquid
C02)?

A better understanding of natural processes and how these cause permanent CO:. sinks would help us
to judge the efficacy of many of the proposed CO: sequestration pathways.

CO: UTILIZATION OPTIONS

Efforts to utilize CO: are driven by an acknowledgment that a high purity stream of CO: or solid
carbon coming from a CO: decarbonization/extraction system might have some economic value;
therefore, smply disposing of it in an aquifer or into the deep ocean might not be the best use of this
raw material. A secondary benefit isto reduce (at least temporarily) the amount of CO: that needs to
be sequestered and therefore to reduce the environmental impacts in the immediate vicinity of the
sequestration site. Furthermore, many proponents of CO:; utilization hope that the income generated
by selling the product would help to offset some of the costs of capturing and transporting CO;,
thereby driving down the overall system costs and making CO: capture and sequestration systems
economically viable.

Many CO: utilization proposals are very energy intensive themselves. Therefore, these utilization
schemes will only be useful as CO. mitigation optionsif the entire process, including the energy
input for the utilization process, reduces the net release of CO: into the atmosphere. For this reason,
some studies have concluded that, owing to their inherently lower energy intensities proposed
biologica processesto fix and transform the CO: for utilization might have the greatest long-term
prospect.®

The promise and enthusiasm for CO; utilization schemes is somewhat tempered by the fact that by
nearly all accounts, the amount of CO: that could be utilized is avery small fraction of the world(s
annual emissions of freely vented CO..*" Therefore, at best absent aradical breakthrough in its use,
CO: utilization will play a valuable but limited niche role in overall efforts to manage CO. on a
global scale.

In the growing literature in this area, CO; utilization proposals have been put forward in three major
areas. (1) as afeedstock for chemical products, (2) to accelerate the growth of crops for food and for
biofuels in hothouses, and (3) to enhance the production of crude oil.** The workshop(S participants

¥ |EA Green House Gas R&D Programme. "Carbon Dioxide Utilization." Cheltenham, United Kingdom,
January 1995.

%! For example, Herzog, Drake and Adams report if "CO. was substituted for fossil fuel feedstocksin all US
plastic production. Thistotal transformation of the US plastics industry to CO: feedstocks would require less
than 100 million tons of CO: per year, about 5% of the 1.7 billion tons produced annually from US power
plants.”

% For enhanced oil recovery, CO: isinjected into oil reservoirs to increase the mobility of the oil and therefore
the productivity of the reservoir.
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added to this list the idea of using CO: as a building block for cleaner transportation fuels.*® Even
though CO. would till be emitted to the atmosphere if these synthetic transportation fuels were
combusted, the "reuse" of CO: in this manner would be one way to significantly reduce overall
emissions from the transportation sector.

Science Needs and Opportunities for CO. Utilization

Catalysts for the production of synthetic middle distillates from CO., and in particular the use of
metal oxides to reduce CO: and catalysts for the carboxylation of CO: for producing organic
chemicals to eventually replace the use of phosgene in reactions for producing organic chemicals
with CO..

Research for understanding "artificial photosynthesis.”

Research for binding and agglomerating the fine particul ates of carbon black that would be produced
as a byproduct of the thermal decomposition process and for finding uses for this fine particulate
form of carbon.

Biological processes and the engineering of microbes that could fix CO: and directly produce a
useful byproduct (e.g., recent Japanese reports of an engineered blue-green algae that can fix
CO2 from air and produce a biodegradable plastic).*

CONCLUDING REMARKS

Workshop participants were very optimistic about the potential to capture and dispose of CO.. In
particular, the group felt that basic science investments made today in the areas highlighted in this
report could substantially advance our ability to manage CO: in away that is economically efficient.

Advances made in improving our ability to manage CO. capture and sequestration at some point in
the future could very well pay off in terms of spinoffs that improve a myriad of industrial processes
that are in widespread use today. However, workshop participants felt that in many key areas of CO:
capture and sequestration the US is trailing the position of other nations.

Participants in this workshop felt that any program designed to explore the research identified in this
paper for CO: capture and sequestration must contain some room for exploratory ideas. Workshop
participants thought that the need for an exploratory research program was particularly critical in
this area, because we are not really in a good position to judge what is and is not feasible in the realm
of CO; capture and sequestration.

Lastly, the workshop was successful in identifying some promising opportunities for basic research,
but the list compiled here should be taken as exemplary and not exhaustive. The promise and
potentia for CO- capture and sequestration are so grest that further efforts to refine the research
needs identified in this paper are warranted.* *

* The proposed process (known as the Carnol Process) would use CO- from fossil fuel power plants together

with natural gas and/or biomass as feedstocks for methanol synthesis. By using methanol derived from this
process in either internal combustion engines or in fuel cells, CO2 emission reductions of 56-77% could be
achieved as compared to the case for internal combustion of gasoline. See Steinberg, M. "CO: Mitigation and
Fuel Production." Brookhaven National Laboratory. Manuscript 1996.

¥ See Nihon Keizai Shimbun (Nikkei Weekly). June 23, 1997. Page 8.

* In this regard, readers are encouraged to review the outstanding work that the IEA Green House Gas Programme
has done through its various symposia and workshops that have brought together |eading researchers in the field of
CO:2 capture and sequestration, and for its efforts to disseminate this research. In particular, readers may want to
consider obtaining a set of five papers published by the IEA summarizing the state of the art in CO2 capture and
sequestration: Greenhouse Gas Emissions from Power Stations, Carbon Dioxide Capture from Power Stations,
Carbon Dioxide Disposal from Power Stations, Carbon Dioxide Utilization, Global Warming Damage and the
Benefits of Mitigation. All papers are available from the IEA Green House Gas Programme, Cheltenham, United
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Attachment #1

Workshop Participants
Dr. Perry Bergman, Department of Energy, Federal Energy Technology Center
Daryl Brown, Pacific Northwest National Laboratory
Dr. John Houghton, Department of Energy, Office of Energy Research
Dr. David Jenkins, British Petroleum
Dr. Bob Kane, Department of Energy, Office of Fossil Energy
Dr. Ehsan Khan, Department of Energy, Office of Energy Research
Dr. Meyer Steinberg, Brookhaven National Laboratory
Dr. Jeff Summers, Department of Energy, Office of Fossil Energy
Dr. Robert H. Williams, Princeton University,
Raobert Wegeng, Pacific Northwest National Laboratory

External Peer Reviewers
Dr. Paul Freund, IEA Green House Gas Program
Dr. Neergj Gupta, Battelle Memorial Ingtitute
Dr. Howard Herzog, Massachusetts I nstitute of Technology, Energy Laboratory

Workshop Organizers
James J. Dooley, Pacific Northwest National Laboratory
Dr. James A. Edmonds, Pecific Northwest National Laboratory

Kingdom.

¥ Readers are also encouraged to review the excellent overview of the technical challenges to effective CO:
capture and sequestration prepared by Howard Herzog of MIT's Energy Laboratory. See Herzog, H., Drake, E.
and Adams, E. "CO. Capture, Reuse and Storage Technologies for Mitigating Global Climate Change" A
White Paper. Final Report. Massachusetts Institute of Technology. Cambridge, MA. 1997
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Attachment #2

Where could basic science make a difference in CO. Capture and Sequestration?
Workshop Agenda for July 2, 1997
Pacific Northwest National Laboratory, Washington, DC

8:30- 9:00 Introductions and Discussion of workshop Goals

9:00-11:30 Decarbonizing Carbonaceous Fuels
Steam gasification
Thermal decomposition
Hydrogen-rich fuel processes
R&D priorities

11:30 - 1:00 CO: Capture from Flue Gases
Absorption
Adsorption
Membranes
Cryogenic
Microbeg/algae
Oxygen plants (i.e., combustion with 100% O)
R&D priorities

1:00- 2:30 CO: Transport and Sequestration Options
Ocean sequestration
Sequestration in depleted oil and gas wells
Sequestration in aquifers
Sequestration on land as a solid (e.g., carbon black or as solid dry ice)
Sequestration in natural mineral deposits
R&D priorities

2:30- 3:30 CO: Utilization Options
Chemical feedstocks
Enhancing oil and gas production
Recycling to fuel production
Bio and enzymatic conversion

R&D priorities
3:30 - 4:00 Wrap-up
4:00 Adjourn
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